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EXECUTIVE SUMMARY

This report provides an overview of recent research on WSDOT illumination reform activities.
An extensive literature review of 300 research reports regarding roadway lighting and its impact on safety
performance was previously completed. This document presents the development and findings from
models using random parameter methods on continuous lighting design for mainline freeway segments,
and concludes with a discussion regarding the implementation of the department’s illumination reform
from January 2013 through October 2015.

Roadway lighting is installed with the goal of nighttime crash reduction. Illumination reform at
WSDOT is motivated by desire to optimize tradeoff decisions made during the design and operations of
state highways. The ability to assess these tradeoffs has occurred as the science of highway safety has
evolved rapidly in recent years, and these quantitative methods allow advances in understanding. The
evolution of science based methods and recent findings by several researchers (Milton, Shankar and
Mannering 2008, Bullough, Donnell and Rea 2012; Donnel, Porter and Shankar 2010; Gross and Donnell
2011; and Bullough, Donnell and Rea 2013) that all indicated a potential for new and enhanced
understanding of the safety performance of continuous lighting and subsequently additional efficiency in
its asset management and reduced environmental impacts. The 13% growth in illumination systems at
WSDOT over 9 years is not sustainable - the annualized life cycle cost of this system is $13.5 million per

year and with a current $5 million budget shortfall for annual replacement costs.

During the literature review the research team identified several deeply held beliefs about
lighting. These deeply held beliefs have the potential to bias research methods, dataset development
processes, and may affect professional acceptance about lighting impacts in relationship to nighttime

crash reduction. The team critically evaluated and presents each of these beliefs for consideration:

e Belief 1: Roadway lighting reduces crashes during dawn and dusk (civil twilight) — crash reduction
resulting from roadway lighting is unlikely during civil twilight because there is still limited target
visibility at during civil twilight.

o Belief 2: All nighttime crashes can be ‘fixed’ with roadway lighting — only a subset of nighttime
crashes may be ‘correctable’ with illumination since some twilight conditions are not impacted by the

lighting systems.

o Belief 3: The ratio of daytime vs nighttime crash rates is a reliable and science-based method to
estimate how many nighttime crashes to expect at a given location — the scientific basis for the rates
and rate ratios are uncertain: it is likely that the rate ratios were appealing as a method to control for
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site specific conditions when methods to incorporate site specific conditions into the analysis was not

common.

Belief 4: During congested conditions, adding roadway lighting reduces crashes — no scientific
basis was found: advances in vehicle headlamp technology and the presence of large numbers of
vehicles that provide lighting themselves may make nighttime congestion as a trigger for lighting a
guestionable approach. In addition, improvements in sign sheeting and lane marking materials have
also occurred over the past few decades. It may also be that crash frequency (generally lower
severity) increases during congested conditions and that these increases triggered recommendations
for lighting in the past (it is important to note that nighttime congestion during the summer would be
more likely to occur in daylight and that it is therefore unlikely that these crashes could be mitigated

with lighting).

Belief 5: Nighttime crash rate is a reliable and science-based method to identify locations for
lighting — a crash rate is not a reliable method for identifying potential locations for lighting because
it is based on the assumption that the relationship between crashes and traffic volumes are linear.

Count models offer alternative methods to incorporate exposure into safety performance estimation.

Belief 6: Only a few years of crash history are needed to identify locations where roadway lighting
will reduce crashes — crashes are random, multivariate in nature and statistical methods are needed to
account for natural variation of crashes over time while simultaneously accounting for other factors at

the location that are likely to impact crash risk.

Belief 7: Roadway lighting reduces crashes at the daytime (numerous studies included daytime
crashes in the consideration of the benefits of lighting) — no scientific basis was found for the
assumption that lighting would reduce crashes during daytime or during civil twilight. In fact, the

presence of poles may increase crashes during higher volume daytime conditions.

Belief 8: More uniform light is better — the scientific basis of this assumption is uncertain: work by

Gibbons et al (2014) offers further insight on maximum uniformity levels.

Belief 9: Roadway complexity is always a trigger for illumination — the scientific basis for this
assumption is uncertain: roadway complexity may have daytime impacts as well (for which lighting
will offer no mitigation) and the impact of lighting in complex roadway conditions given particular

site conditions is still uncertain.



o Belief 10: The fixed object risk of roadway lighting is negligible —- WSDOT determined that the cost
of replacing lighting poles that are hit is large ($750,000 annually) and that the presence of poles

creates crash risk.

e Belief 11: The impact of the roadway characteristics and conditions on safety performance — Elvik
and Vaa (2004) assume that the roadway characteristics and conditions do not impact safety
performance. Research for the first edition of the HSM indicates several characteristics of roadways
that correlates with changes in safety performance and the relative impact of these characteristics
differ across facility types (AASHTO 2010). When the safety performance of lighting is evaluated it
is necessary therefore to control for the impact of roadway characteristics and conditions on safety

performance.

Prior to the 1980s WSDOQOT eliminated lighting as part of a lighting reduction program and in the
late 1990s continuous lighting was removed from parts of the interstate to reduce energy costs. WSDOT
did not observe any adverse impacts on the safety performance of these facilities. From a modeling
perspective the presence of these unlit segments are appealing because it creates variation in lighting
conditions across similar location characteristics across the system. The research team used a mainline
freeway segment dataset with crash data for 2010 through 2014 to estimate random parameter (RP)
models with lighting variables such as median continuous, right side continuous, both side continuous,
point lighting and no lighting values. It is important to note that the research did not cover point lighting
locations but instead only evaluated the performance of continuous mainline illumination on limited

access highways.

The approach by the research team to study continuous lighting on freeway segments differed
from previous efforts that only used nighttime crashes as input. The models used multivariate random
parameters models to allow segment by segment analysis.

Exhibit 1. Factors included in the random parameter models for continuous mainline lighting on freeways
in Washington State

Geometry, volumes and Roadway lighting*
urban/rural character

Traffic volume

Number of lanes

Shoulder widths (left and right)
Horizontal curvature

Vertical curvature

e Presence of interchange

Median roadway lighting proportion
Right roadway lighting proportion
Both-side roadway lighting proportion
Point roadway lighting proportion

No roadway lighting proportion

* The lighting variables are measured as proportion by length values for interchange and non-interchange
segments.



Most research prior to 2010 relied on nighttime-daytime crash rate ratios (including Elvik (1996)
and Elvik and Vaa (2004)) to estimate the safety performance associated with roadway lighting. This
approach was also used in work by Gibbons et al (2014) on adaptive lighting, Gibbons incorporated
hourly estimated nighttime traffic volumes and controlled for daytime volumes to determine warrants for
lighting based on crash rate ratios. Given that roadway lighting is used as a countermeasure to address
nighttime crashes (measured from the end of civil dusk twilight to the start of civil dawn twilight), the
research team decided to develop nighttime safety performance functions and only include nighttime
crashes in the analysis. For the WSDOT project, staff focused on using advanced techniques to determine
which crashes should be classified as nighttime crashes. National Oceanic and Atmospheric
Administration (NOAA) developed an algorithm to calculate sunrise, sunset, and civil twilight times for
any given location or a given date (NOAA 2015). The research team evaluated the differences between
reported lighting conditions and the calculated lighting conditions, and concluded that a large number of
crashes are generally misclassified as either dark conditions when it was clearly still daytime or daytime
when it was clearly nighttime. The NOAA calculations provide a consistent manner in which crashes can

be classified as nighttime crashes statewide on an ongoing basis.

The inclusion of daytime crashes into the evaluation of the safety performance of illumination is
problematic. The reason that it is problematic is that the assumption is made that the conditions
influencing the likelihood of a crash occurring, and the severity outcome given that a crash has occurred,
are the same for either daytime or nighttime. Shin, Washington and Van Schalkwyk (2009) is one of
many papers documenting differences in the distribution of single and multiple vehicle crashes between
day and nighttime conditions. However, little is known about the differences in traffic, driver
composition, passenger composition, and distribution of travel patterns over the course of a day and over

a year and how these differences impact safety performance or severity outcomes.

Based on the random parameter modeling of continuous mainline lighting on freeways, the
research team concludes that continuous illumination makes no measurable contribution to nighttime
safety performance. Also, that the installation of continuous mainline lighting on freeways for safety
performance is not warranted. Further, findings from the pilot LED project on US101 (Black Lake Blvd)
indicate that LED roadway lighting can significantly increase energy efficiency, reduce greenhouse gas
emissions and that the general public experienced the LED project as positive. Leading to the conclusion
that illumination reform is a reasonable and practical way to improve the sustainability of the system

while maintaining environmental stewardship.

The research team recommends that WSDOT discontinue installation of continuous mainline

lighting on freeways as a required design element, and where appropriate consider illumination removal.
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If funding is available and lighting reform remains a priority continue evaluation of illumination safety

performance on the remainder of the highway system.
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CHAPTER 1.INTRODUCTION

Purpose

This report summarizes the methodological approach and findings from a recent safety research
effort undertaken by WSDOT. This report focuses on continuous lighting on the freeway system of
Washington State. The detailed description of the dataset, modeling approach, and model outputs are
covered in a journal article that is currently under development. This report also discusses completed,

ongoing, and new activities in WSDOT’s Illumination Reform.

Background to the Study

Agencies across the world have relied on roadway lighting as a safety countermeasure for many
years. FHWA'’s 1996 Annual Report on Highway Safety Improvement Programs, lists illumination as the
countermeasure with the highest safety benefit-cost ratio among other safety devices at 26.8 (shown in
Exhibit 2) (FHWA 1996). Crash modification factors (CMFs) in the AASHTO Highway Safety Manual
(2010) for roadway lighting are reportedly based on results from a meta-analysis by Elvik (1996)
(referenced in Elvik and Vaa (2004) and described in Chapter 2). As scientific methods have advanced
more recently researchers like Bullough, Donnell and Rea (2012), Donnel, Porter and Shankar (2010),
Gross and Donnell (2011) and Bullough, Donnell and Rea (2013) have started questioning the magnitude

of the likely impact of roadway lighting on safety performance.

HIGHWAY SAFETY IMPROVEMENTS
WITH THE HIGHEST BENEFIT-COST RATIOS

1974-1995
Rank Improvement Description Bmem, gt
Ratio
1 Munmation 26.8
2 Upgrade Median Barrier 226
3 Traflic Signs 224
l Relocared Breakaway Urtility Poles 17.7
5 Remove Obstacles 10.7
6 New Traffic Signals 8.5
7 Tmpact Arenuarors g
8 New Median Barrier 7.6
9 Upgrade Guardrail 7.5
10 Upgrade Traflic Signals 74
11 Upgrade Bridge Rail 6.9
12 Improve Sight Distance 6.1
13 Median for Traffic Separation 6.1
14 Groove Pavement for Skid 58
15 Improve Minor Stricnire 2
16 Turning Lanes and Channelization 4.

17 New RR Crossing Galtes

18 New RR Crossing Flashing Lighrs
19 Pavement Markings and Delineatior
200 New RR Crossing Lights & Gates 2.

[P _.r:
R L

Exhibit 2. Highway Safety Improvements with the Highest Benefit-Cost Ratios (1974 — 1995), Source:
1996 Annual Report on Highway Safety Improvement Programs, FHWA-SA-96-040.



WSDOT recognized that with the evolution of science based methods the potential for new
understanding in the area of lighting was significant. Further, WSDOT believed that the knowledge
gained in the area of lighting could be used to create additional efficiency in its asset management

program. This provides the motivation for this research effort.
WSDOT lighting assets

As of 2014, WSDOT had 3,100 lighting systems (Exhibit 3), with 400 of these installed since
2005. These systems include over 60,000 roadway lighting fixtures. The 60,000 fixtures include 48%
cobra heads, 24% tunnel, 14% underdeck, 4% shoe boxes, 3% high mast, 3% pole tops and 2% sign lights
(Source: SIMMS and WSDOT Roadside Features Inventory Program database).

Exhibit 3. WSDOT Roadway Light Systems in 2014 (Source: SIMMS & WSDOT Roadside Features
Inventory Program (RFIP) database)

An assessment of WSDOT expenditures in 2013 over a 13 year period showed that the
annualized life cycle cost of the illumination systems owned by WSDOT is $13.5 million/year as shown
in Exhibit 4. For the same time period, WSDOT has had a budget shortfall of $5 million for annual
replacement costs of illumination. With current trends indicating rapid expansion of the lighting systems

WSDOT owns, lighting assets are becoming an increasing concern.

Roadway lighting is presumed by many to offer safety performance benefits in most nighttime
conditions and is also assumed to improve security of pedestrians. While these benefits are often found,
not all locations benefit equally, and at some locations lighting may have an adverse effect. To effectively

assess the benefits to cost tradeoffs against the environmental impact of lighting: carbon footprint,



impacts on plant, animal and human life, and contribution to light pollution (night sky darkness) needs to
be considered (Gibbons et al 2014). While more energy efficient fixtures can significantly reduce energy
consumption, the capital costs of these fixtures are still high, requiring significant investment for
conversion projects. Given the life cycle cost of roadway lighting and the associated environmental

impact it is necessary for WSDOT to determine how to best use these assets to the benefit of the public.

$13.95 MIL/vr

$3 MIL

Annual replacement cost*

Need = $8 MIL

Electricity

3.8 MIL (27%)

Repair & non-preventative maintenance

$1 MIL

3rd Party Damage ($750k/year)
$0.75 MIL

Preventative maintenance

$0.40 MIL

| 'S MIL/ yr
0 5 10

Exhibit 4. Annualized life cycle cost of the WSDOT illumination systems (2014)

WSDOT was the first state in the US to set a zero goal for traffic fatalities as outlined in its
Target Zero Strategic Highway Safety Plan. In addition to Target Zero, WSDOT uses a practical solutions
approach of least cost planning and practical design to developing solutions within its “Sustainable
Safety” program. The combined effect of these efforts is that WSDOT approaches safety in a manner that
prioritizes solutions by highest crash reduction benefit for the investments made. Safety, therefore, is a
critical consideration when the department plans, designs, operates and maintains the roadway network.
The Department has been quick to recognize that advances in the science of safety, as well as new
statistical methods provide a unique opportunity to revisit the potential impact of roadway lighting on a
segment by segment basis versus the past methods where all segments are treated the same. Using these
new methods WSDOT is able to predict positive and negative correlation of lighting with crashes and
estimate what the impact on safety performance would be based on location specific characteristics. This
allows WSDOT to strategically invest in the system focusing on highest benefit locations while
optimizing statewide benefits to our travelling public because excess lighting is not installed when

benefits are limited.



Report Outline

Chapter 2 summarizes the findings from an extensive literature review of the safety performance
of roadway lighting. Chapter 3 presents the motivation and findings from a predictive modeling effort on
continuous lighting on mainline freeway segments. Chapter 4 briefly describes the activities of WSDOT
staff as part of the department’s illumination reform from January 2013 through October 2015. Chapter 5

presents conclusions and recommendations based on the findings from Chapters 2 and 3.



CHAPTER 2.LITERATURE REVIEW

Introduction

As part of the illumination research effort at WSDOT, the research team performed an extensive
literature review. The review covered lighting based safety performance related research from 1948
through 2013 and an evaluation of the crash modification factors for lighting in the HSM (2010). The
bibliography for the literature review is included as part of this report. This chapter provides a brief
overview of the criteria applied for the evaluation of publications regarding the safety performance of
roadway lighting and then discusses the basis for the lighting CMF used in the predictive method of the
first edition of the Highway Safety Manual, and concludes by presenting findings from the literature

review and evaluation.

Literature Evaluation

The literature review included over 300 papers and reports ranging from 1948 through 2015. This
report includes the bibliography as Appendix A. The purpose of the literature review was to provide an
understanding of the context, methods and relative value of the published research to WSDOT in terms of
performance-based design and operations. Each publication was evaluated based on four components:
experimental design, datasets, analysis method and usefulness for safety performance quantification.

Exhibit 5 summarizes the evaluation criteria used for the review.

Exhibit 5. Evaluation criteria of literature

Component Questions

Experimental design e Site selection: were the sites similar in characteristics or different? What
criteria were used?
e Which crashes were included in the analysis? How were they identified?

Datasets e Sample size: how many crashes were analyzed and what are the
confidence levels for the results?
o What site characteristics were collected and included in the analysis?

Analysis method e Is the method science-based and valid for crash analysis?

e Are the assumptions scientifically sound?

e Does the method account for differences in roadway characteristics that
we know have an impact on crash performance?

Usefulness for safety | ¢  Are the findings and assumptions from the research suitable to guide
performance decision making regarding the safety performance of roadway lighting in
quantification specific conditions (given the context, traffic conditions, roadway
characteristics, and crash history)?




Crash modification factors for lighting in the AASHTO Highway Safety Manual

Crash modification factors (CMFs) in the AASHTO Highway Safety Manual (2010) for roadway
lighting are referenced as Elvik and Vaa (2004). After a thorough literature review WSDOT determined
that the estimates are actually based on a table in the publication by Elvik and Vaa (2004) but from a
study described in Elvik (1996).

The meta-analysis

Elvik’s (1996) analysis included 37 studies; the focus of the meta-analysis was on adding lighting
where the location was previously unlit. The studies were published between 1948 and 1989. In 81
percent of the cases the authors concluded that lighting improves safety performance and in 19 percent of
the cases the authors found that “safety has deteriorated”. Elvik research states that “as far as statistical
techniques for data analysis are concerned, most studies have relied on quite simple techniques, like
estimating an odds ratio and testing it for statistical significance. More advanced multivariate analyses,
in which the choice of statistical techniques is more important, are not found in this area” (Elvik 1996).
This comment is significant in that it indicates that there are significant opportunities for improvement of
the CMF for performance based design and operations. Harkey et al (2008) reviewed Elvik’s study and
several other meta-analyses and rated the quality (level of predictive certainty) of intersection lighting

CMFs as low and segment lighting CMFs as medium-low, confirming an opportunity for improvement.

Elvik (1996) concluded that the installation of roadway lighting reduces nighttime fatal crashes
by 65%, nighttime injury crashes by 30%, and nighttime property damage only crashes by 15%. These
percentages are slightly different when referenced in Elvik and Vaa (2004), as shown in Exhibit 6.

Exhibit 6. Effects of lighting on crashes (Source: Elvik and Vaa (2004), p.366, Table 1.18.1)

Percentage change in the number of accidents
Accident severity Type of accident affected B"est 95% confidence
estimate interval
Fatal accidents Accidents in darkness -64 (-74; -50)
Injury accidents Accidents in darkness -28 (-32;-25)
Property-damage-only accidents Accidents in darkness -17 (-21;-13)

An evaluation of the paper by Elvik (1996) raises several key questions: the validity of
assumptions made in meta-analysis, likelihood of publication bias, and the impact of the roadway

environment on roadway lighting safety performance.



i) Assumptions made in meta-analysis

Elvik recognizes in his 1996 paper that “the safety effect of public lighting is likely to vary
substantially from one case to another, depending, inter alia, on luminance levels, traffic
environment and predominant type of accident at the location”. And yet, he assumes by using the
meta-analysis method that the study results “belong to a distribution having a well-defined mean
value that should be reasonably well supported” (Elvik 1996). The studies included in the meta-

analysis used the following ratio to quantify the impact of the addition of lighting:

Nighttime crashes before (unlit)
Nighttime crashes after (lit)

Daytime crashes before (unlit)
Daytime crashes after (lit)

Ratio =

The use of daytime crashes as part of the analysis is questionable and one may argue that
combining results across different environments (for example, urban, rural, freeway) make
assumptions about similarities in safety performance that are now known to not exist. Elvik confirms
that the studies used in the meta-analysis “relied on quite simple techniques, like estimating an odds
ratio and testing it for statistical significance,” and in Elvik and Vaa (2009), the authors acknowledge

that “most studies have methodological weaknesses™.
ii) Publication Bias

Elvik mentions but dismisses publication bias (‘tendency not to publish results that are
unwanted or believed not to be useful, for example, because they show an increase in accidents or
because they are not statistically significant’ (Elvik 1996, p.114)). One may argue that current levels
of support in favor of illumination as a safety countermeasure among safety professionals may be a
strong enough deterrent for researchers not to publish their findings or to include findings of no
correlation based on past practices when the results are contrary to current beliefs. Dominique Lord,
the P1 of the NCHRP 17-58 project for urban arterials confirmed that the research team found that
lighting had no correlation with the safety performance on arterials with six lanes or more. Because
of the researchers concern for lighting not being indicated as a significant variable, the research team
requested that CMFs from the 1% edition be adopted for the new chapter in the 2™ Edition of the
HSM (Lord, personal communications, October 2015). While this practice is controversial in the
research community, it is also somewhat accepted to include variables found not be significant in

models when there is a belief that the particular characteristic do correlate with safety performance



even when the research results indicate to the contrary. This presents a dilemma as inclusion of the

variables also perpetuates the validation and usage.

iii) Controlling for site conditions and characteristics

The meta-analysis did not control for site specific conditions. In their 2009 update of Elvik
and Vaa (2004), the authors acknowledge that “other factors than road lighting may have contributed

to the differences in accident rates between lit and unlit roads” (Elvik and VVaa 2009, p.275).
Highway Safety Manual Knowledge Base

During the development of the first edition of the HSM, NCHRP funded the development of a
HSM Knowledge Base on crash modification factors for the first edition of the HSM (Bahar et al 2009).

Exhibit 7 shows the results from the review of roadway lighting.

Exhibit 7. Summary estimates of the effects on accidents of public lighting (Source: Bahar et al, Exhibit 3-
138, p.3-210 to 3-211)

Traffic environment Accident severity Summary estimate of effect and
standard error
Summary Standard
estimate error
Summary estimates based on conventional meta-analysis
All types of highway All types, Fatal (18) 0.313 0.361
All types, Injury (85) 0.717 0.056
All types, PDO (19) 0.825 0.072
Rural highways All types, Fatal (2) 0.265 0.720
All types, Injury (19) 0.802 0.124
All types, PDO (1) 0.696 0.426
Urban highways All types, Fatal (13) 0.365 0.515
All types, Injury (46) 0.685 0.073
All types, PDO (16) 0.840 0.075
Freeways All types, Fatal (3) 0.274 0.712
All types, Injury (20) 0.728 0.121
All types, PDO (2) 0.678 0.256
Summary estimates based on meta-regression analysis
All types of highway All types, Fatal 0.261 0.285
All types, Injury 0.577 0.208
All types, PDO 0.590 0.217
Rural highways All types, Fatal 0.269 0.273
All types, Injury 0.594 0.192
All types, PDO 0.607 0.202
Urban highways All types, Fatal 0.260 0.257
Summary estimates based on meta-regression analysis
All types, Injury 0.576 0.169
All types, PDO 0.589 0.180
Freeways All types, Fatal 0.253 0.269




Traffic environment Accident severity Summary estimate of effect and
standard error
Summary Standard
estimate error
All types, Injury 0.559 0.187
All types, PDO 0.572 0.197

Additional meta-analysis by Harkey et al (2008) and expert panel input resulted in Exhibit 8.

Note that the table below is a corrected version of the published table (Srinivasan 2015).

Exhibit 8. Highway Lighting AMFs as Presented by Harkey et al. (2008) (Corrected values)

Treatment | Setting Traffic Accident type AMF Std.
Road type Volume Severity Error
Provide All settings Unspecified All types 0.80 n/a
highway All types nighttime and all severities
lighting ————
All types nighttime injury | 0.71 n/a
All types and all severities | 0.94 n/a
All types of injury 0.92 n/a

Base Condition: Absence of lighting.

Appendix B presents a snapshot of illumination CMFs from the FHWA CMF Clearinghouse as
of October 2013.

Lighting CMFs in the HSM

Exhibit 9 summarizes the illumination CMFs in the Highway Safety Manual. The research team
was able to identify the origin of the CMF for the predictive methods for segments as part of Part C and
the CMFs in Part D. Unfortunately, the team was unable to identify the source of the CMF for the

predictive methods for intersections:

o Chapter 10 Project Report: Harwood et al (2000) did not include any lighting CMFs as part
of proposed Chapter 10 content for the first edition of the HSM.

e Chapter 11 Project Report: Lord et al (2008) did not specify any proposed CMFs as part of
proposed Chapter 11 content for the first edition of the HSM.

e Chapter 12 Project Report: the NCHRP project report for content for Chapter 12 of the first
edition recommends a different equation for the CMF for lighting (Harwood et al 2007).




Exhibit 9. CMFs in the Highway Safety Manual (AASHTO 2010)

HSM Part/ | Estimate of the | Source
Chapters impact of
lighting
Part C: Facility type Formula
Chapters Segments Equation 10-21 on p.10-31, 11-15 on p.11-28, Elvik and Vaa
10, 11, 12 Equation 11-17 on p.11-31, and Equation 12-34 | (2004): Table
(Predictive on p.12-42: 1.18.1 on p.366:
method) CMFy1, = 1.0 — [(1—-0.72 X pj,, — 0.83 x| Using the CMF
for injury
66;;22; Por] accidents (0.72)
CMF, ,, = crash modification factor for the and property
effect of lighting on total crashes; damage only
Pinr = proportion of total nighttime crashes crashes (0.83).
for unlighted roadway segments that involve a
fatality or injury;
Ppnr = proportion of total nighttime crashes
for unlighted roadway segments that involve
property damage only;
Dnr = proportion of total crashes for
unlighted roadway segments that occur at night.
Intersections Equation 10-24 on p.10-33, Equation 11-22 on | Referenced as
p.11-35, Equation 12-36 on p.12-45: sourced from
CMF,; = 1.0 — 0.38 X py,r Elvik and Vaa
Where (2004) but the
CMF,; = crash modification factor for the effect | publication does
of lighting on total crashes; and not contain a
Dni = proportion of total crashes for CMF of 0.62
unlighted intersections that occur at night.
Part D: All settings and | Crash type CMF Std.
Chapter 13, | road types (Severity) Error
Section (unspecified All Types 0.72 0.06 | Elvik and Vaa
13.13.2.1 volumes) (Nighttime injury) (2004)
Provide All Types 0.83 0.07 | Elvik and Vaa
Highway (Nighttime non- (2004)
Lighting injury)
All Types 0.71 N/A | Harkey et al
(Nighttime injury) (2008)
All Types 0.80 N/A | Harkey et al
(Nighttime injury) (2008)

Base condition: Absence of lighting

Illumination research after publication of the HSM (2010)

Several studies about the safety performance of illumination were published after publication of

the HSM. The bibliography of this report includes all known and publicly available publications on this

topic.
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Literature review conclusions: Deeply held beliefs

During the literature review we identified several deeply held beliefs about lighting. These deeply
held beliefs have the potential to bias research methods, dataset development processes, and may affect
professional acceptance about what lighting impacts and does not impact in relationship to nighttime
crash reduction. The team critically evaluated each of these beliefs and presents each of these beliefs for

consideration.

Belief 1: Roadway lighting reduces crashes during dawn and dusk (civil twilight) — crash
reduction is unlikely during civil twilight because there is still limited target visibility at during civil

twilight.

o Belief 2: All nighttime crashes can be ‘fixed’ with roadway lighting — only a subset of nighttime
crashes may be ‘correctable’ with illumination since some twilight conditions are not impacted by the

lighting systems.

Belief 3: The ratio of daytime vs nighttime crash rates is a reliable and science-based method
to estimate how many nighttime crashes to expect at a given location — the scientific basis for the rates
and rate ratios are uncertain: it is likely that the rate ratio were appealing as a method to control for site
specific conditions when methods to incorporate site specific conditions into the analysis was not

common.

Belief 4: During congested conditions, adding roadway lighting reduces crashes — no scientific
basis was found: advances in vehicle headlamp technology and the presence of large numbers of vehicles
that provide lighting themselves may make nighttime congestion as a trigger for lighting a questionable
approach. In addition, improvements in sign sheeting and lane marking materials have also occurred over
the past few decades. It may also be that crash frequency (generally lower severity) increases during
congested conditions and that these increases triggered recommendations for lighting in the past (it is
important to note that nighttime congestion during the summer would be more likely to occur in daylight
and that it is therefore unlikely that these crashes could be mitigated with lighting).

Belief 5: Nighttime crash rate is a reliable and science-based method to identify locations for
lighting — a crash rate is not a reliable method for identifying potential locations for lighting because it is
based on the assumption that the relationship between crashes and traffic volumes are linear. Count

models offer alternative methods to incorporate exposure into safety performance estimation.
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Belief 6: Only a few years of crash history are needed to identify locations where roadway
lighting will reduce crashes — crashes are random, multivariate in nature and statistical methods are
needed to account for natural variation of crashes over time while simultaneously accounting for other

factors at the location that are likely to impact crash risk.

o Belief 7: Roadway lighting reduces crashes at the daytime (numerous studies included daytime
crashes in the consideration of the benefits of lighting) — no scientific basis was found for the
assumption that lighting would reduce crashes during daytime or during civil twilight. In fact, the

presence of poles may increase crashes during higher volume daytime conditions.

Belief 8: More uniform light is better — the scientific basis of this assumption is uncertain: work

by Gibbons et al (2014) offers further insight on maximum uniformity levels.

Belief 9: Roadway complexity is always a trigger for illumination — the scientific basis for this
assumption is uncertain: roadway complexity may have daytime impacts as well (for which lighting will
offer no mitigation) and the impact of lighting in complex roadway conditions given particular site

conditions is still uncertain.

Belief 10: The fixed object risk of roadway lighting is negligible — WSDOT determined that the
cost of replacing lighting poles that are hit is large ($750,000 annually) and that the presence of poles

creates crash risk.

Belief 11: The impact of the roadway characteristics and conditions on safety performance —
Elvik and Vaa (2004) assumes that the roadway characteristics and conditions do not impact safety
performance. Research for the first edition of the HSM indicates several characteristics of roadways that
correlates with changes in safety performance and the relative impact of these characteristics differ across
facility types (AASHTO 2010). When the safety performance of lighting is evaluated it is necessary

therefore to control for the impact of roadway characteristics and conditions on safety performance.

Chapter 3 gives a brief overview of WSDOT illumination reform activities and the motivation for

the safety prediction modeling effort.
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CHAPTER 3. ILLUMINATION REFORM AT WSDOT

Introduction

In 2012 WSDOT started illumination reform as part of the departmental commitment to
sustainability. The reform is part of a larger effort at WSDOT to reduce carbon emissions. This effort is
an important part of the WSDOT Sustainable Transportation Action Plan 2013-2015 (Updated 2015).
This focus is also highlighted when the governor signed Executive Order 14-04, Washington Carbon
Pollution Reduction and Clean Energy Action in 2014. Recognizing the potential benefits from reducing
unnecessary energy consumption, roadway lighting is specifically called out as part of the next steps

towards reducing the carbon footprint and increasing the use of clean energy in WA (Inslee 2014).

Two of the priority actions in the highway lighting component of the action plan were to:
research options to increase the energy efficiency of highway lighting and flexibility in design
requirements; and to develop safety predictive models to aid the department in identifying areas where
illumination should be required and areas where illumination can be removed without adversely
impacting system safety and mobility performance. Chapter 4 provides an overview of the first phase of
safety predictive modeling performed to support illumination reform. The effort was undertaken with the
understanding that advances in the science of safety offers opportunities to improve WSDOT’s
understanding of the safety performance of roadway lighting and to use this science-based approach to

drive design policies.

LED Adaptive Lighting Pilot: US 101 — Olympia, WA

In 2013 the department deployed an adaptive LED lighting pilot project, shown in Exhibit 10.
LED lighting offers 50% more energy efficient lighting and adaptive technologies allow for the dimming
or shutting down of lighting to improve efficiency to approximately 74%. The deployment of adaptive
lighting on SR 101 was evaluated by safety experts who determined that the lack crash history between
11PM and 5AM in the morning (shown in Exhibit 11) indicated that the location was appropriate for

lighting modification.
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Exhibit 10. Hllustration of LED adaptive lighting pilot on US 101, Olympia, WA
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Phase 1 — Black Lake Blvd

Exhibit 11. Example of crash history for the decreasing direction limits of the project (pre-pilot)
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Under 23 U.S. Code § 409, safety data, reports, surveys, schedules, lists compiled or collected for the purpose of identifying,
evaluating, or planning the safety enhancement of potential crash sites, hazardous roadway conditions, or railway-highway
crossings are not be subject to discovery or admitted into evidence in a Federal or State court proceeding or considered for
other purposes in any action for damages arising from any occurrence at a location mentioned or addressed in such
reports, surveys, schedules, lists, or data.

SHRP 2 1AP Safety Pilot

During 2015 VTTI conducted a pilot research study of the impact of roadway lighting on
nighttime crash performance and driver behavior. It was part of a series of pilot research projects funded
by SHRP2 IAP Round 4. The focus of the project was to evaluate point lighting at on and off ramps on
the interstate and to test proof of concept.
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The research team included the following staff:

e WSDOQOT: Dr. Ida van Schalkwyk (manager & coordinator for the research team), and Dr.
John Milton, P.E.;

e Prof. Venky Shankar, P.E. (PSU): Senior technical advisor; and
e VTTI: Dr. Ron Gibbons (PI) and a team of technical experts from VTTI.
The study concluded at the end of September 2015 and publication of the results is forthcoming.

New and ongoing activities

Introduction

By October 2015 WSDOT completed the following activities as part of its Illumination Reform:

Completed the review of more than 300 publications on roadway lighting (overview included

in Chapter 2 and the bibliography included as Appendix A).

o Completed the review of lighting design policies from multiple states and cities (WSDOT
and UW staff, published as WSDOT WA-RD 847.1).

e Updated design policy in July 2014 impacting current systems & future projects.

o Completed the development of random parameter safety performance models for continuous

mainline freeway segments (overview provided in Chapter 4).

e Made more than twenty presentations to international, national and state audiences (list of

presentations presented in Appendix D).

o Completed the analysis of all WA interstate roadway lighting using research analytic
methods, AASHTO Safety Analyst and the Highway Safety Manual.

WSDOQOT is planning, in the process of, or has completed 33 LED roadway lighting projects with
3,600 roadway lights (or 6% of WSDQOTSs inventory). During 2015 WSDOT was successful in obtaining
grants, rebates and incentives to finance a LED replacement, removal of unnecessary illumination and

adaptive lighting AID project. The remainder of this section will provide a brief overview of the project.
LED replacement, illumination removal and adaptive lighting AID project

In alignment with WSDOT’s lighting reform program, the LED replacement, illumination
removal and adaptive lighting AID project converts 1,924 roadway lights to high efficiency LED

technology where the lighting is needed and removes 596 existing lights that are not providing benefit
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along corridors in North West and Olympic regions. WSDOTSs success over the past 2 years by
implementing state of the art analytic research methods to expand existing roadway lighting reform
efforts culminates with this project. The $4 million project provides significant financial, maintenance
and environmental efficiency savings through the use of innovative project delivery, financing and
contracting tools. The project will be implemented through a performance contact that is financed through
a combination of grants ($1,500,000), certificates of participation through the Office of the State
Treasurer ($2 million), and utility rebates and incentives ($500,000). The project will leverage the energy
savings which offsets 100% of the bond financing costs which are backed by a contractual 3rd party

guarantee.

The project purpose aligns with Executive Order 1096.00, WSDOT 2015-17: Agency Emphasis
and Expectations, which highlights the direction to reduce roadway lighting and implement adaptive
control systems. Furthermore, this project highlights the Governor and Legislatures effort to implement
energy efficiency grant and performance contracting programs through the Department of Commerce and
Department of Enterprise Services while highlighting WSDOTSs efforts regionally, nationally and
internationally to lead roadway lighting reform by developing a risk-based approach to roadway lighting
to create efficiency in roadway lighting decision making by considering the benefits and disadvantages of
lighting to the fullest extent possible without significant impact to crashes and mobility.

Chapter 4 gives background to the safety predictive modeling of continuous mainline lighting on
freeway segments, the data used, and presents findings from the modeling.
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CHAPTER 4.SAFETY PERFORMANCE OF CONTINUOUS LIGHTING ON
MAINLINE FREEWAY SEGMENTS IN WASHINGTON

Introduction

The literature review for the project revealed that most research prior to 2010 included primarily

before-after studies where lighting was evaluated with:
a) naive before-after study (not accounting for regression to the mean),

b) where lighting was evaluated but multiple countermeasures such as intersection and

delineation improvements were made at the same time lighting was installed,

c) involved the use of crash rate methods that assumes a linear relationship between crashes

and traffic volume, or
d) use daytime-nighttime ratios method that incorporates daytime crashes into the analysis.

More recently research started incorporating other factors that may impact crash risk and severity
but most of these efforts still relied on night to daytime crash rate ratios. With the significant advances in
computing power and advancement in analytical methods it is now possible to integrate data more easily.
Researchers and agencies are able to use robust modeling to better understand how much lighting impacts
crashes at nighttime and where lighting would be likely to improve safety performance at nighttime.
Importantly, the new methods enhance the understanding of where lighting is likely to have an adverse

impact on crashes, or where lighting can be removed without significant impacts to safety performance.

Background to the study

Narayan Venkataraman, a post-doctoral scholar at Penn State University developed a proprietary
dataset with lighting configuration on all freeway mainline segments in Washington State. He used this
dataset for the development of his dissertation, Random parameter analysis of geometric effects on
freeway crash occurrence, towards the fulfillment of the requirements for his Ph.D. in Civil Engineering
at the University of Iceland (published as Venkataraman, Ulfarsson, and Shankar 2013). As part of his
research he successfully used random parameter negative binomial models to estimate safety performance

on freeway segments. This represents a significant advancement in the area of safety prediction in that:

e The method controls for changes in cross-section, alignment, urban and rural character and

different types of lighting simultaneously
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e The method improves current safety performance function (SPF) performance by leveraging
the negative binomial modeling structure and accounts for heterogeneity across the segments

at the same time.

Venkataraman, Ulfarsson, and Shankar (2013) determined that point lighting proportions and
proportions of continuous lighting were found to be random parameters. This means that lighting can
have both positive and negative impacts on crash probabilities depending on the segment characteristics.
This finding was of particular importance to WSDOT because the research method offers the opportunity
to identify particular roadway design characteristics where illumination can be considered on a segment
by segment basis and specific lighting recommendations, including the installation or removal of lighting

can be made using scientific and data-driven processes.

To this end, Dr. Van Schalkwyk from WSDOT worked with Dr. Venkataraman and Prof.
Shankar at Penn State University to develop random parameter models for evaluating the safety

performance of continuous lighting on freeway mainline segments in Washington State.

The remainder of this chapter provides an overview to the approach and findings from the study.
A key element of the study was the dataset development using geographic location, time and date to
determine individual lighting conditions at the time of the crash, so that the nighttime crashes were
identified for inclusion in the illumination research excluded those that occurred during civil dawn, civil

dusk, or daytime.

Nighttime crashes

Illumination is used as a countermeasure for nighttime crashes. Roadway lighting has no
demonstrated benefit during the daytime or during civil twilight: photocells are configured to switch on
roadway lighting at the end of civil dusk twilight and switch it off at the start of civil dawn twilight.

Exhibit 12 illustrates twilight in relation to sunset and sunrise and the different categories of twilight.

Civil dawn twilight starts when the geometric center of the sun is six degrees below the horizon
and ends at sunrise. Similarly, civil dusk twilight starts at sunset and ends when the geometric center of
the sun is six degrees below the horizon. During civil twilight the horizon is well defined and illumination

from the sun is sufficient in clear weather to allow a human to distinguish objects (USNO 2011).
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Exhibit 12. Twilight and civil twilight (Source: TW Carlson 2012)
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Classification of nighttime crashes

Most research prior to 2010 relied on nighttime-daytime crash rate ratios (including Elvik (1996)
and Elvik and Vaa (2004)) in the analysis. This approach was also used in work by Gibbons et al (2014)
on adaptive lighting, Gibbons incorporated hourly estimated nighttime traffic volumes and controlled for

daytime volumes to determine warrants for lighting based on crash rate ratios.

Because lighting is used as a countermeasure to address nighttime crashes, WSDOT decided to
identify only those crashes on the freeway segment that occurred at nighttime and not those occurring in

civil dawn or dusk (or daytime) for use in the model development.

The literature review revealed that nighttime crashes are generally identified in one of three ways

(in some cases the researchers did not indicate how they classified nighttime crashes):

a) Using the reported lighting conditions from the crash report form (for example, Edwards 2015
and lIsebrands et al 2010), or

b) Using a default 30 minutes after sunset as a start of nighttime and 30 minutes prior to sunrise as
the end of nighttime and using a single location as a reference point for sunrise and sunset times

(for example, Gibbons et al 2014), or

c) Using sunset and sunrise as the beginning and end of nighttime (for example, Donnell, Porter and
Shankar, 2010).

For the WSDOT research project, staff focused on using a more advanced technique to determine
which crashes should be classified as nighttime crashes. NOAA developed an algorithm to calculate

sunrise, sunset, and civil twilight times for any given location or a given date (NOAA 2015). The
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research team evaluated the differences between reported lighting conditions and the calculated lighting
conditions, and concluded that a large number of crashes are generally misclassified as either dark
conditions when it was clearly still daytime or daytime when it was clearly nighttime. The NOAA
calculations provide a consistent manner in which crashes can be classified as nighttime crashes statewide

on an ongoing basis.
NOAA Calculation of Civil Twilight Time

This research project used the algorithms from the NOAA sunrise/sunset and Solar Position
Calculators to develop SAS code for the estimation of civil dawn twilight time and civil dusk twilight
time for each crash location and crash date. The SAS code is included as Appendix A to this report. The
NOAA algorithm is based on Jean Meeus’s astronomical algorithms (Meeus 1999). The algorithms are
presented in Microsoft Excel spreadsheets. The SAS code includes trigonometry related code adapted

from http://alaska.usgs.gov/science/biology/spatial/archive/filter distributions/calc dar3.sas.

Why excluding daytime crashes from the predictive modeling process is important

The inclusion of daytime crashes into the evaluation of the safety performance of illumination is
problematic. The reason that it is problematic is that the assumption is made that the conditions
influencing the likelihood of a crash occurring, and the severity outcome given that a crash has occurred,
is the same in the daytime as it is in the nighttime. Shin, Washington and Van Schalkwyk (2009) is one of
many papers documenting differences in the distribution of single and multiple vehicle crashes between
day and nighttime conditions. However, little is known about the differences in traffic, driver
composition, passenger composition, and distribution of travel patterns over the course of a day and over
a year and how these differences impact safety performance or severity outcomes. Given that roadway
lighting targets crashes occurring during darkness (measured from the end of civil dusk twilight to the
start of civil dawn twilight), the research team decided to develop nighttime safety performance functions
and only include nighttime crashes in the analysis. It is noted that, while roadway lighting poles create
fixed objects that could potentially be hit during the day, very few of the utility pole crashes reported on
mainline freeway segments in Washington were identified as lighting pole hits. From third party damage
claims, WSDOT estimates these impacts to be more significant than the crash data indicates: totaling
approximately $750,000 annually. Unfortunately without sufficient data, the inclusion of these crashes in

the analysis is not possible.
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The dataset

The freeway segment dataset developed by Venkataraman, Ulfarsson, and Shankar (2013) were

supplemented with the nighttime crash assignments and updated traffic volumes for the period 2009

through 2013. The nighttime crash assignments were as follows:

e Use the location of each crash and the reported date to estimate the start and end time of

nighttime using the NOAA algorithms, and assign a nighttime indicator to each crash based on

the reported time of the crash.

e Isolate the dusk-to-dawn crash totals for the period 2009-2013 by direction on the entire freeway

system.

o Isolate dusk-to-dawn totals by severity: total fatal crashes, total serious injury crashes, total

evident injury crashes, total possible injury crashes and total property damage only crashes.

The freeway segment dataset is a directional segment level dataset for all limited access

highways in Washington State. Exhibit 13 summarizes the factors included in the random parameter

models for continuous mainline lighting of freeways.

Exhibit 13. Factors included in the random parameter models for continuous mainline lighting on

freeways in Washington State

Geometry, volumes and
urban/rural character

Roadway lighting*

Traffic volume

Number of lanes

Shoulder widths (left and right)
Horizontal curvature

Vertical curvature

e Presence of interchange

Median roadway lighting proportion
Right roadway lighting proportion
Both-side roadway lighting proportion
Point roadway lighting proportion

No roadway lighting proportion

* The lighting variables are measured as proportion by length values for interchange and non-interchange

segments.

The segmentation included interchange segments to allow WSDOT to consider different

scenarios during LED conversion: a) installing LED lighting at interchanges only, b) LED lighting at

point lighting locations, ¢) LED lighting at interchange and non-interchange locations, d) lighting

removal at interchanges with small footprints with point lighting retention.
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Random Parameter Modeling

Overview

The focus of the first safety predictive modeling was on continuous mainline lighting on
freeways (limited access highways) in Washington State. Prior to the 1980s WSDOT eliminated lighting
as part of a lighting reduction program and in the late 1990s continuous lighting were removed from parts
of the interstate to reduce energy costs. WSDOT did not observe any adverse impacts on the safety
performance of these facilities. From a modeling perspective the presence of these unlit segments are
appealing in that it creates variation in lighting conditions across similar location characteristics across
the system. The updated segment dataset was used to estimate random parameter (RP) models with
lighting variables such as median continuous, right side continuous, both side continuous, point lighting

and no lighting values.
Findings

Based on the random parameter modeling of nighttime safety performance on continuous
mainline lighting on freeways, it was concluded that continuous illumination makes no measurable
contribution to nighttime safety performance. It is important to note that the research did not cover point
lighting locations but instead only evaluated the performance of continuous mainline illumination on

limited access highways.
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CHAPTER 5. CONCLUSIONS, RECOMMENDATIONS AND NEXT STEPS

Conclusions

Based on the findings from the random parameter safety prediction modeling of continuous
lighting on mainline freeway segments in Washington State the research team concludes that the
installation of continuous mainline lighting on freeways for safety performance is not warranted. Further,
findings from the pilot LED project on US101 (Black Lake Blvd) indicate that LED roadway lighting can
significantly increase energy efficiency, that the general public experienced the LED project as positive
and that illumination reform is a reasonable and practical way to improve the sustainability of the system

while maintaining environmental stewardship.

Recommendations

The research team recommends that WSDOT modify its design criteria to discontinue and no
longer install continuous mainline lighting on freeways and where appropriate consider illumination

removal.

Next steps

If funding is available and this illumination reform continues to be identified as a statewide
priority, the department would benefit from continued evaluation of safety performance provided by
illumination on the remainder of the highway system. These findings will, together with the findings from
the continuous mainline freeway findings inform performance based design and operational decision

making for the Washington transportation system.

23



Page left intentionally blank.

24



REFERENCES

AASHTO (2010). Highway Safety Manual, First Edition, American Association of State Highway
Transportation Officials, Washington, D.C.

Bahar, G., Parkhill, M, Tan, E.., Philip, C., Morris, N., Naylor, S., White, T., Hauer, E., Council, F.,
Persaud, F., Persaud, B., Zegeer, C., Elvik, R., Smiley, A., Scott, B., Srinivasan, R., Torbic, D., Council,
F., Harkey, D. (2009). Highway Safety Manual Knowledge Base, November 2009,

http://www.cmfclearinghouse.org/collateral/HSM knowledge document.pdf.

Bullough, J.D., Donnell, E.T., and Rea, M.S. (2013). Roadway Intersections, Lighting and Safety. IMSA
Journal, pp. 32-35, 60, Sept/Oct 2013.

Bullough, J.D., E.T. Donnell, and Rea, M.S. (2012). To illuminate or not to illuminate: Roadway lighting
as it affects traffic safety at intersections. Accident Analysis and Prevention, Vol. 53, pp. 65-77, 2012.

Carlson, T.W. (2012). User:TWCarlson/sandbox, Wikipedia, last updated September 19, 2012.

Donnell, E.T., Porter, R.J., and Shankar, V.N. (2010). A Framework for Estimating the Safety Effects of
Roadway Lighting at Intersections. Safety Science, Vol. 48(10), pp. 1436-1444.

Edwards, C. (2015). Lighting levels for isolated intersections: leading to safety improvements, Research

Project Final Report 2015-05, HumanFIRST Laboratory, University of Minnesota, Minneapolis, MN.

Elvik R.A. (1996). Meta-analysis of evaluation of public lighting as an accident countermeasure,

Transportation Research Record 1485, pp.112-123, Transportation Research Board, Washington, D.C.
Elvik, R. and Vaa, T. (2004). The Handbook of Road Safety Measures, Elsevier Science, Burlington, MA.

Federal Highway Administration (1996). The 1996 Annual Report on Highway Safety Improvement
Programs. Publication No. FHWA-SA-96-040; referenced in Bullough and Donnell (2009).

Gibbons, R., Guo, F., Medina, A., Terry, T., Du, J., Lutkevich, P., and Li, Q. (2014). Design Criteria for
Adaptive Roadway Lighting, FHWA-HRT-14-051, July 2014,
http://www.fhwa.dot.gov/publications/research/safety/14051/14051.pdf.

Gross, F. and Donnell, E.T. (2011). Case—control and cross-sectional methods for estimating crash
modification factors: Comparisons from roadway lighting and lane and shoulder width safety effect
studies. Journal of Safety Research, Vol. 42(2), pp. 117-129.

25


http://www.cmfclearinghouse.org/collateral/HSM_knowledge_document.pdf
http://www.fhwa.dot.gov/publications/research/safety/14051/14051.pdf

Harkey, D.L., Raghavan, S., Jongdea, B., Council, F.M., Eccles, K., Lefler, N., Gross, F., Persaud, B.,
Lyon, C., Hauer, E., and Bonneson, J. (2008). Crash Reduction Factors for Traffic Engineering and ITS
Improvements, NCHRP Report 617, Transportation Research Board, Washington, D.C.,
http://onlinepubs.trb.org/Onlinepubs/nchrp/nchrp_rpt 617.pdf.

Harwood, D. W., Council, F. M., Hauer, E., Hughes, W. E., and Vogt, A. (2000). Prediction of the
Expected Safety Performance of Rural Two-Lane Highways. FHWA-RD-99-207, Federal Highway
Administration, McLean, VA.

Harwood, D.W., Bauer, K.M., Richard, K.R., Gilmore, D.K., Graham, J.L., Potts, I.B., Torbic, D.J., and
Hauer, E. (2007). Methodology to Predict the Safety Performance of Urban and Suburban Arterials,
Web-Only Document 129: Phases I and 11, Final Report for NCHRP Project 17-26, Submitted March
2007, National Cooperative Highway Research Program, Transportation Research Board of the National

Academies, Washington, D.C.

Inslee, J. (2014). Washington Carbon Pollution Reduction and Clean Energy Action, Washington State
Executive Order 14-04, Office of the Governor, State of Washington, Olympia, WA,

http://www.governor.wa.gov/sites/default/files/exe order/eo 14-04.pdf.

Meeus, J. (1999). Astronomical Algorithms, Second Edition, Willmann-Bell Inc., Richmond, VA.

Milton, J.C., Shankar, V.N., and Mannering, F.L. (2008). Highway accident severities and the mixed logit
model: An exploratory empirical analysis, Accident Analysis & Prevention, Volume 40, Issue 1, January
2008, Pages 260-266.

NOAA (2015). Solar Calculation Details, Earth System Research Laboratory, Global Monitoring
Division, National Oceanic and Atmospheric Administration, U.S. Department of Commerce,

http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html.

Srinivasan, R. (2015). Email communication, November 18, 2015.

United States Naval Observatory (2011). Rise, Set and Twilight Definitions, US Astronomical
Applications Department, U.S. Naval Observatory, US. Navy, Washington, D.C.,
http://aa.usno.navy.mil/fag/docs/RST_defs.php.

Washington State Department of Transportation 2015. WSDOT 2015-17: Agency Emphasis and
Expectations, Secretary’s Executive Order, Number: E 1096.00, July 15, 2015, Olympia, WA.

26


http://onlinepubs.trb.org/Onlinepubs/nchrp/nchrp_rpt_617.pdf
http://www.governor.wa.gov/sites/default/files/exe_order/eo_14-04.pdf
http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html
http://aa.usno.navy.mil/faq/docs/RST_defs.php

WSDOT (2015). WSDOT Sustainable Transportation Action Plan 2013-2015, Updated October 2015,
Washington State Department of Transportation, Olympia, WA.
http://www.wsdot.wa.gov/NR/rdonlyres/0E49ED58-0E28-44B3-97A9-
EED845EFB7FA/108947/SusTranActionPlanCloseOut.pdf

Ye, X., Pendyala, R.M., Washington, S.P., Konduri, K. and Oh, J. (2008). A Simultaneous Equations

Model of Crash Frequency By Collision Type for Rural Intersections, 87th Annual Meeting of the
Transportation Research Board, TRB 2008 Annual Meeting CD-ROM.

27


http://www.wsdot.wa.gov/NR/rdonlyres/0E49ED58-0E28-44B3-97A9-EED845EFB7FA/108947/SusTranActionPlanCloseOut.pdf
http://www.wsdot.wa.gov/NR/rdonlyres/0E49ED58-0E28-44B3-97A9-EED845EFB7FA/108947/SusTranActionPlanCloseOut.pdf

Page left intentionally blank.

28



APPENDIX A: BIBLIOGRAPHY

AASHTO (2010). Highway Safety Manual, First Edition, American Association of State Highway
Transportation Officials, Washington, D.C.

Adrian, W. (1987). Visibility levels under night-time driving conditions. Journal of the Illuminating
Engineering Society 16.2 (1987): 3-12.

Adrian, W. K. (1989). Visibility of Targets: Model for Calculation, Lighting Research and Technology,
21(4), pp. 181-188.

Adrian, W. K. (1997). A Method to Predict Visual Performance in Mesopic Lighting, Report for EPRI

Lighting Research Office, Electric Power Research Institute, Palo Alto, California.

Agarwal, P.K., Garg, S., and Bhawsar, U. (2013). A Rational Approach for Formulation of Maintenance
Program for Improving Road Safety Conditions, International Journal of Emerging Technology and

Advanced Engineering, Volume 3, Issue 9, September 2013.

Agarwal, P.K., Jain, V., and Bhawsar, U. (2013). Development of a Hierarchical Structure to Identify
Critical Maintenance Components Affecting Road Safety. Procedia-Social and Behavioral Sciences 104
(2013): pp. 292-301.

Agent, K.R. (2013). Evaluation of Wet-Nighttime Delineation, Kentucky Transportation Center Research
Reports. Paper 304, Report Number KTC-13-05/SPR417-11-1F, Kentucky Transportation Center,
Lexington, KY.

Agent, K.R., Stamatiadis, N. and Jones, S. (1996). Development of accident reduction factors, report
KTC-96-13, Kentucky Transportation Centre, University of Kentucky, Lexington, KY, USA.

Akashi, Y., and Rea, M.S. (2001). The effect of oncoming headlight glare on peripheral detection under a
mesopic light level, Progress in Automobile Lighting: Proceedings of the Symposium, September 25-26,
Darmstédter Lichttechnik, no. 9. Munich, Germany: Herbert Utz Verlag Wissenschaft,
http://lighting.Irc.rpi.edu/programs/transportation/pdf/PAL/PAL2001-akashi.pdf.

Akashi, Y., Rea, M. S. and Bullough, J.D. (2007). Driver decision making in response to peripheral
moving targets under mesopic light levels. Lighting Research and Technology, 39(1): pp. 53-67.

Akashi, Y., Van Derlofske, J., Bullough, J., and Cheng, J. (2005). The Effect of Glare on Visual
Performance Under Reduced Headlamp Illumination, SAE Technical Paper 2005-01-0447.

29


http://lighting.lrc.rpi.edu/programs/transportation/pdf/PAL/PAL2001-akashi.pdf

Aktan, F., Schnell, T. and Aktan, M. (2006). Development of a model to calculate roadway luminance
induced by fixed roadway lighting. Transportation Research Record: Journal of the Transportation
Research Board 1973.1 (2006): 130-141.

American City and County (1979). Low-Pressure Sodium Survives the Challenge, p.26.

Anderson, Robert William Gerard, A. J. McLean, M. J. B. Farmer, Bun-Hee Lee, and C. G. Brooks.
Vehicle travel speeds and the incidence of fatal pedestrian crashes. Accident Analysis & Prevention 29,
no. 5 (1997): 667-674.

Andreassen, DC (1976). Vehicle conspicuity at night, Australian Road Research Board conference, 8th,
Perth, Australian Road Research Board, Vermont South, Vic, vol.8, no.5, pp.26-43.

Andreassen, DC 1989, Strategies for safety problems, research report ARR 163, Australian Road

Research Board, Vermont South, Vic.

Anne Ylinen, Marjukka Puolakka, and Liisa Halonen (2010). Road surface reflection properties and
applicability of the r-tables for today's pavement materials in Finland, Light & Engineering, volume 18,

number 1, pages 78-90.

Antonucci, N. D., Hardy, K. K., Slack, K. L., Pfefer, R., and Neuman, T. R. (2004), NCHRP Report 500
Volume 12: A Guide for Addressing Collisions at Signalized Intersections, Transportation Research

Board, National Research Council, Washington, D.C.

Anurag Pande, Mohamed Abdel-Aty, (2006). Assessment of freeway traffic parameters leading to lane-
change related collisions, Accident Analysis & Prevention 38(5), September 2006, Pages 936-948, ISSN
0001-4575.

Aries, M. B., & Newsham, G. R. (2008). Effect of daylight saving time on lighting energy use: A
literature review. Energy Policy, 36(6), 1858-1866.

Association of State Highway Transportation Officials (2010). Highway Safety Manual, First Edition,
AASHTO, Washington, D.C.

Assum, Terje, Torkel Bjgrnskau, Stein Fosser, and Fridulv Sagberg. Risk compensation—the case of road
lighting. Accident Analysis & Prevention 31, no. 5 (1999): 545-553.

Austin, B.R. (1976). Public lighting-the deadly reckoning. Traffic Engineering & Control
17.ANALYTIC, 262-263.

30



Bacelar, A (2005). The Influence of Dimming in Road Lighting on the Visibility of Drivers, Journal of
Light & Visual Environment, Volume 29 Number 1, April, 2005.

Bahar, G., Parkhill, M, Tan, E.., Philip, C., Morris, N., Naylor, S., White, T., Hauer, E., Council, F.,
Persaud, F., Persaud, B., Zegeer, C., Elvik, R., Smiley, A., Scott, B., Srinivasan, R., Torbic, D., Council,
F., Harkey, D. (2009). Highway Safety Manual Knowledge Base, November 2009,

http://www.cmfclearinghouse.org/collateral/HSM knowledge document.pdf.

Bahar, Geni, Masliah, Maurice,Wolff, Rhys, and Park, Peter (2008). Desktop Reference for Crash
Reduction Factors, FHWA-SA-08-011, U.S. Department of Transportation, Federal Highway
Administration, Office of Safety, Washington, DC.

Bahde, Keith, and Pankaj Gupta, 2013. Roadway Maintenance: Maximizing Municipal Budgets with
LED Lighting. IMSA Journal 51(5), pp. 28-30.

Ball, Karlene, Cynthia Owsley, Beth Stalvey, Daniel L. Roenker, Michael E. Sloane, and Mark Graves,
1998. Driving avoidance and functional impairment in older drivers. Accident Analysis & Prevention 30,
no. 3 (1998): 313-322.

Bassani, Marco, and Guglielmina Mutani. Effects of environmental lighting conditions on operating
speeds on urban arterials. Transportation Research Record: Journal of the Transportation Research Board
2298.1 (2012): 78-87.

Beyer, Fiona R., and Katharine Ker. Street lighting for preventing road traffic injuries. Cochrane

Database of Systematic Reviews 1 (2009).

Bhagavathula, Rajaram, and Ronald B. Gibbons. Role of Expectancy, Motion and Overhead Lighting on
Nighttime Visibility. Proceedings of the Human Factors and Ergonomics Society Annual Meeting. VVol.
57. No. 1. SAGE Publications, 2013.

Bhagavathula, Rajaram; Gibbons, Ronald B; Edwards, Christopher J. (2012). Effect of Static and Moving
Obijects on Driver Eye Movements and Detection Distances. Transportation Research Board 91st Annual

Meeting, Transportation Research Board, 2012, 15p.

Bhagavathula, Rajaram; Gibbons, Ronald B; Edwards, Christopher J. (2015). Relationship Between
Roadway Illuminance Level and Nighttime Rural Intersection Safety, Transportation Research Record:

Journal of the Transportation Research Board, Issue 2485, 2015, pp 8-15.

31


http://www.cmfclearinghouse.org/collateral/HSM_knowledge_document.pdf

Bhat, C., Eluru,N. (2009). Acopula-based approach to accommodate residential self-selection effects in

travel behavior modeling, Transportation Research Part B43(7),749-765.

Bisketzis, N., G. Polymeropoulos, and F. V. Topalis (2004). A mesopic vision approach for a better
design of road lighting. WSEAS Transactions on Circuits and Systems 3.5 (2004): 1380-1385.

Bjoernskau, T., & S. Fosser (1996). Car Drivers' Behavioural Adaption to the Installation of Road
Lighting: Before-And-After Study on Route E-18 in Norway, Toei Rapport, (332), Norwegian.

Bjornskau T, S Fosser (1996). Road lighting increases safety—but motorists drive slightly faster and pay

less attention, Nordic Road and Transport Research;8:20.

Blackwell, H. R. (1946). Contrast threshold of the Human Eye, Journal of the Optical Society of
America,36(11).

Bodmann, H. W., and H. J. Schmidt (1989). Road surface reflection and road lighting: Field
investigations. Lighting Research and Technology 21.4 (1989): 159-170.

Bonneson, J., Zimmerman, K., and Fitzpatrick, K. (2005). Roadway Safety Design Synthesis. Texas
Transportation Institute for Texas DOT, College Station, TX.

Box, P. C. (1972). Freeway accidents and illumination. Highway Research Record 416: 10-20,
Washington, D.C.

Box, Paul C. (1971). Relationship Between Illumination and Freeway Accidents, IERI PROJECT 85-67,

Illuminating Engineering.

Box, Paul C. (1976). Effect of lighting reduction on an urban major route. Traffic Engineering 46.10: 26-
217.

Boyce, P. R., Eklund, N. H., Hamilton, B. J., & Bruno, L. D. (2000).Perceptions of safety at night in
different lighting conditions. Lighting Research and Technology, 32(2), 79-91.

Boyce, P. R, S. Fotios, and M. Richards (2009). Road lighting and energy saving. Lighting Research and
Technology 41.3 (2009): 245-260.

Brémond R., Christianson K. B., Dumont E. and Greenhouse D.S. (2009). Methods to monitor nighttime
visibility and headlight glare on the road, 19th Biennial TRB Visibility Symposium.

Brémond, R (2007). Quality indexes for road lighting: a review. 26th session of the CIE (2007): 4-11.

32



Bremond, R., and A. Mayeur (2011). Some drawbacks of the visibility level as an index of visual
performance while driving, Proceedings of the 27th Session of the CIE. (2011): 1140-1143.

Brémond, R., et al. (2013). Target visibility level and detection distance on a driving simulator. Lighting
Research and Technology 45.1 (2013): 76-89.

Brémond, R., J.M. Auberlet, V. Cavallo, L. Désiré, V. Faure, S. Lemonnier, R. Lobjois, J.-P. Tarel
(2014). Where we look when we drive: a multidisciplinary approach, TRA 2014, Paris, France, April
2014.

Bridger, G. (2012). Strategic road lighting opportunities for New Zealand: a report written for the New
Zealand Transport Agency Road Maintenance Task Force., New Zealand Transport Agency, Wellington,

New Zealand.

Bridger, G., and B. King, 2012. Lighting the way to road safety: a policy blindspot?. Australasian Road
Safety Research Policing and Education Conference, 2012, Wellington, New Zealand.

Bruneau J-F, Morin D, Pouliot M. (2001). Safety of motorway lighting, Transportation Research Record
1758, pp.1 - 5, Transportation Research Board, National Academies, Washington, D.C.

Bruneau, Jean-Francois, and Denis Morin, (2005). Standard and nonstandard roadway lighting compared
with darkness at rural intersections. Transportation Research Record 1918, pp. 116-122, Transportation

Research Board, National Academies, Washington, D.C.

Bullough, J. and M. Rea (2010). Visibility from Vehicle Headlamps and Roadway Lighting in Urban,
Suburban and Rural Locations, SAE Technical Paper 2010-01-0298, April 2010, doi:10.4271/2010-01-
0298.

Bullough, J. and N. Skinner (2009). Effect of Dynamic Lighting Conditions on Visual Detection, SAE
Technical Paper 2009-01-0544, doi:10.4271/2009-01-0544.

Bullough, J. and Skinner, N., Vehicle Lighting and Modern Roundabouts: Implications for Pedestrian
Safety, SAE Int. J. Passeng. Cars - Mech. Syst. 5(1):195-198, 2012, do0i:10.4271/2012-01-0268.

Bullough, J. and Sweater Hickcox, K., Interactions among Light Source Luminance, llluminance and Size
on Discomfort Glare, SAE Int. J. Passeng. Cars - Mech. Syst. 5(1):199-202, 2012, doi: 10.4271/2012-01-
0269.

33



Bullough, J. and Van Derlofske, J., Methods for Assessing the Impact of Oncoming Glare on Driving
Behavior, SAE Technical Paper 2005-01-0442, 2005, doi:10.4271/2005-01-0442.

Bullough, J. D., E. T. Donnell and M. S. Rea (2013). Roadway intersections, lighting and safety,
International Municipal Signal Association Journal 51(5): 32-35, 60.

Bullough, J., Public Perceptions of Vehicle Headlamps: Visibility and Glare, SAE Technical Paper 2011-
01-0110, 2011, doi:10.4271/2011-01-0110.

Bullough, J., Van Derlofske, J., Fay, C., and Dee, P., Discomfort Glare from Headlamps: Interactions
Among Spectrum, Control of Gaze and Background Light Level, SAE Technical Paper 2003-01-0296,
2003, doi:10.4271/2003-01-0296.

Bullough, J.D., E.T. Donnell, and M.S. Rea. Roadway Intersections, Lighting and Safety. IMSA Journal,
pp. 32-35, 60, Sept/Oct 2013.

Bullough, John D. Development of a Guide for Replacement of Roadway Lighting with New Lighting
Technologies. Transportation Research Board 92nd Annual Meeting. No. 13-2308. 2013.

Bullough, John D. Visual Display Effectiveness at Mesopic Luminances. Display Technology, Journal of
Display Technology, 7(4), 167-169.

Bullough, John D., 2012. Ecoluminance: A New Approach to Visual Guidance for Roadways.
International Journal of Sustainable Transportation, Volume 8, Issue 2, pp. 127-150,
DOI:10.1080/15568318.2011.649444.

Bullough, John D., 2013. Development of a Guide for Replacement of Roadway Lighting with New
Lighting Technologies., Transportation Research Record 2384, pp.95-101, doi: 10.3141/2384-11.

Bullough, John D., Eric T. Donnell, and Mark S. Rea (2013). To illuminate or not to illuminate: Roadway
lighting as it affects traffic safety at intersections. Accident Analysis & Prevention 53 (2013): 65-77.

Bullough, John D., Mark S. Rea, Yutao Zhou (2009). Analysis of Visual Performance Benefits from
Roadway Lighting, Final Report, Project No. 5-19, National Cooperative Highway Research Program,
Transportation Research Board, National Academies.

Buxton, Hilary (2003). Learning and understanding dynamic scene activity: a review, Image and vision
computing 21(1): 125-136.

34



Chu BS, JM Wood, MJ Collins (2009). Effect of presbyopic vision corrections on perceptions of driving
difficulty. Eye Contact Lens 35:133-143.

Chu, Byoung S., Wood, Joanne M., & Collins, Michael J. (2010). The effect of presbyopic vision
corrections on nighttime driving performance. Investigative Ophthalmology & Visual Science, 51(9), pp.
4861-4866.

CIE (1975). Road Lighting and Accidents - Report To Technical Committee, Annex 111, Brussels, June
1975.

CIE, 1982, Calculation and Measurement of Luminance and Illuminance in Road Lighting, CIE
Publication No.30.2, 159pp, Vienna.

Ciocca, Marco, and Jing Wang. By the light of the silvery Moon: fact and fiction. Physics Education 48.3
(2013): 360, doi:10.1088/0031-9120/48/3/360.

Clark, Jason; Gibbons, Ronald B; Hankey, Jonathan M. (2005). Enhanced Night Visibility Series,
Volume XV: Phase Il - Study 3: Influence of Beam Characteristics on Discomfort and Disability Glare,

Virginia Polytechnic Institute and State University, Blacksburg; Federal Highway Administration, 119p

Coate D, Markowitz S. (2004) The effects of daylight and daylight saving time on US pedestrian fatalities

and motor vehicle occupant fatalities. Accident Analysis and Prevention, 351 - 357

Commission Internationale de I'Eclairage, 1992. Road Lighting as an Accident Countermeasure, CIE No.
93. Vienna, Austria: Commission Internationale de I'Eclairage, CIE 093-1993, ISBN 978 3 900734 35 0,
122pp.

Constant, Aymery, and Emmanuel Lagarde, 2010. Protecting vulnerable road users from injury. PLoS
Medicine 7.3 (2010): e1000228.

Cuvalci, Olkan, and Bugra Ertas (2000). Roadway lighting design methodology and evaluation. Journal

of Integrated Design and Process Science 4.1: 1-23, Amsterdam, Netherlands.

Dale Wilken, Balu Ananthanarayanan, Patrick Hasson, Paul J.Lutkevich, C. Paul Watson, Karl Burkett,
John Arens, Jim Havard, Jeff Unick (2001). European Road Lighting Technologies, FHWA-PL-01-034,
September 2001, Office of International Programs, Office of Policy, Federal Highway Administration,
USDOT.

35



Davison, P. A., 1978. The role of drivers' vision in road safety. Lighting Research and Technology 10, no.
3, pp.125-139.

De Boer, J.B., Vermeulen, J., 1967, Simple Luminance Calculations based on Road Surface
Classification, CIE,Compte Rendu CIE, Vol.B, pp. 527.

Donnell, Eric T., Richard J. Porter, and Venkataraman N. Shankar, 2010. A framework for estimating the
safety effects of roadway lighting at intersections. Safety Science 48.10 (2010): 1436-1444.

Donnell, Eric T., Venkataraman Shankar, and Richard J. Porter (2009). Analysis of safety effects for the
presence of roadway lighting, Final Report for Project No. 5-19, National Cooperative Highway Research

Program, National Academies, Washington, D.C.

Duff, J. T. (1974). Road lighting and the role of central government. Lighting Research and Technology,
6(4), 183-196.

Dully, Michael (2013). Traffic Safety Evaluation of Future Road Lighting Systems, Thesis, LiU-ITN-
TEK-A--13/051--SE, Norrkoping, Sweden, 86pp.

Edwards, Christopher (2015). Lighting levels for isolated intersections: leading to safety improvements,
Research Project Final Report 2015-05, HumanFIRST Laboratory, University of Minnesota, Minneapolis,
MN.

Edwards, Christopher J; Binder, Stephanie; Dingus, Thomas A; Gibbons, Ronald B; Hankey, Jonathan M.
(2005). Enhanced Night Visibility Series, Volume VIII: Phase I1l—Study 6: Detection of Pavement
Markings During Nighttime Driving in Clear Weather, Virginia Polytechnic Institute and State
University, Blacksburg; Federal Highway Administration, 2005, 85p

Edwards, Christopher J; Gibbons, Ronald B. (2007). The Relationship of Vertical llluminance to
Pedestrian Visibility in Crosswalk, 18th Biennial TRB Visibility Symposium, Transportation Research
Board, 15p.

Edwards, Christopher J; Gibbons, Ronald B. (2008). Relationship of Vertical llluminance to Pedestrian
Visibility in Crosswalks, Transportation Research Record: Journal of the Transportation Research Board,
Issue 2056, 2008, pp 9-16.

Ekrias, Aleksanteri (2010). Development and Enhancement of Road Lighting Principles, Dissertation for
the degree of Doctor of Science in Technology, Aalto University School of Science and Technology,

Espoo, Finland.

36



Ekrias, Aleksanteri, A. Ylinen, M. Eloholma, L. Halonen, Effects of pavement lightness and colour on
road lighting performance, in Proceedings of the CIE International Symposium on Road Surface

Photometric Characteristics — Torino, Italy, 2008.

Ekrias, Aleksanteri, M. Eloholma, L. Halonen (2009). The effects of colour contrast and pavement

aggregate type on road lighting performance, Light & Engineering, vol. 17, pp. 76-91.

Ekrias, Aleksanteri, Marjukka Eloholma, and Liisa Halonen (2007). Analysis of road lighting quantity
and quality in varying weather conditions. The Journal of the Illuminating Engineering Society of North
America 4 (2): 89-98.

Ekrias, Aleksanteri, Marjukka Eloholma, Liisa Halonen, Xian-Jie Song, Xin Zhang, Yan Wen, 2008.
Road lighting and headlights: Luminance measurements and automobile lighting simulations, Building
and Environment, Volume 43, Issue 4, April 2008, Pages 530-536, ISSN 0360-1323.

El Gazzar, M.G., (UNKNOWN). A Logical Approach to Roadway Lighting Design, Dewberry.

Eloholma M., and L. Halonen (2005). Performance based model for mesopic photometry, Helsinki

University of Technology, Lighting Laboratory, Report 35.

Eloholma M., Halonen L., Setéld K., The effects of light spectrum on visual acuity in mesopic lighting
levels, In: Proceedings of the EPRI/LRO Fourth International Lighting Research Symposium, Orlando,
USA, May 19-21, 1998, pp. 149-161.

Eloholma M., Ketoméki J., Halonen L., New model for mesopic photometry applicable for night-time
driving conditions, In: Proceedings of the International Symposium of Automotive Lighting (ISAL 2005),
Darmstadt, Germany, September 27-28, 2005, pp.515-524.

Eloholma M., Ketoméki J., Orreveteldinen P., Halonen L., Pedestrian visibility in road lighting
conditions, In: Proceedings of the International Conference ILUMINAT 2003, Cluj-Napoca, Romania,
May 8-9, 2003, pp. (17)1-6.

Eloholma, M., J. Ketomaki, P. Orrevetelédinen, and L. Halonen (2006). Visual performance in night-time
driving conditions. Ophthalmic and Physiological Optics 26(3): 254-263.

Eloholma, M., M. Viikari, L. Halonen, H. Walkey, T. Goodman, J. Alferdinck, A. Freiding, P. Bodrogi,
and G. Vérady. Mesopic models—from brightness matching to visual performance in night-time driving:
a review. Lighting Research and Technology 37, no. 2 (2005): 155-173.

37



Eloholma, Marjukka (2005). Development of visual performance based mesopic photometry. Helsinki
University of Technology, ISBN 951-22-7868-5.

Eloholma, Marjukka, and Liisa Halonen. New model for mesopic photometry and its application to road
lighting. Leukos 2.4 (2006): 263-293.

Elvik R. A., 1995. Meta-analysis of evaluation of public lighting as an accident countermeasure,
Transportation Research Record 1485, pp.112-123, Washington, D.C.

Elvik, R. and T. Vaa (2004). The Handbook of Road Safety Measures, Elsevier Science, Burlington, MA.

Elvik, R. and T. Vaa (2009). The Handbook of Road Safety Measures, 2™ Revised Edition, Emerald
Group Publishing.

Engstrém, Johan, Emma Johansson, and Joakim Ostlund. Effects of visual and cognitive load in real and
simulated motorway driving. Transportation Research Part F: Traffic Psychology and Behaviour 8.2
(2005): 97-120.

Evans, B. J. W. (2007), Monovision: a review. Ophthalmic and Physiological Optics, 27: 417-439. doi:
10.1111/5.1475-1313.2007.00488..x.

Ewing, Reid, and Eric Dumbaugh. The Built Environment and Traffic Safety: A Review of Empirical
Evidence. Journal of Planning Literature 23.4 (2009): 347-367.

Federal Highway Administration (1996). The 1996 Annual Report on Highway Safety Improvement
Programs. Publication No. FHWA-SA-96-040; referenced in
http://onlinepubs.trb.org/onlinepubs/nchrp/docs/NCHRP05-19 _LitReview.pdf

Feng, Z., Liu, J., and Zhang, W. (2012) Efficiency of Driver Identification of Pedestrians in Low
[llumination. CICTP 2012: pp. 2665-2672.doi: 10.1061/9780784412442.270

FHWA, 1990. The Relationship of Fixed and Vehicular Lighting to Accidents, Federal Highway
Administration, FHWA TS-90-028, Washington, DC, January 1990.

FHWA, 2009. Reducing Late-Night/Early Morning Intersection Crashes by Providing Lighting,
December 2009, Federal Highway Administration, FHWA-SA-09-017, U.S. Department of
Transportation, Washington, D.C.

Finch, D. M., King, L. and Ellis, K. L. (1967). A Simplified Method for Obtaining Pavement Reflectance
Data, Highway Research Record 179, Transportation Research Board, Washington, D.C., pp. 53-60.

38



Finch, Dan M., and J. D. Palmer (1957). Assessment of nighttime roadway visibility. Highway Research
Board Bulletin.

Fisher, AJ. (1971). A Review of Street Lighting in relation to Road Safety, Australian Department of
Transport, NR/18, Australian Government Publishing Service, Commonwealth of Australia, Canberra,
AUS.

Fisher, A.J., 1977. Road lighting as an accident countermeasure, Australian Road Research, Volume 7,
Issue Number 4, ARRB Group Limited, ISSN: 0005-0164, Vermont South, Victoria, Australia.

Fisher, A.J., 1990. Road lighting as an accident countermeasure in 1989, Lighting in Australia, Volume
10, Issue Number 6, ARRB Group Limited, Paper at the IES National Convention, 1989, Auckland, New
Zealand, pp. 204-210.

Fisher, A.J., 2013. A review of street lighting in relation to road safety. No. NR/18, performed by
University of New South Wales, funded by Transport and Road Research Laboratory, Berkshire England

Fotios, S., & Cheal, C. (2013). Using obstacle detection to identify appropriate illuminances for lighting
in residential roads. Lighting Research and Technology, 45(3), 362-376.

Fotios, S., and C. Cheal. Obstacle detection: A pilot study investigating the effects of lamp type,
illuminance and age. Lighting Research and Technology 41.4 (2009): 321-342.

Fox P. (2009) Invest to Save — Sustainable Street Lighting

Frith, W.J., and Jackett, M.J. (2015). The relationship between road lighting and night-time crashes in
areas with speed limits between 80 and 100km/h, September 2015, NZ Transport Agency Research
Report 573, Wellington, NZ, 92pp, http://www.nzta.govt.nz/assets/resources/research/reports/573/573-

the-relationship-between-road-lighting-and-night-time-crashes.pdf.

Gallagher, V. P., 1976, A Visibility matrix for Safety Lighting of City street, Journal of the Illuminating
Engineering Society, Illuminating Engineering Society of North America, New York, New York, pp. 85-
91.

Gibbons, R Feng Guo, Alejandra Medina, Travis, Terry, Jianhe Du, Paul Lutkevich, and Qing Li. Design
Criteria for Adaptive Roadway Lighting, FHWA-HRT-14-051, July 2014, 72pp.
http://www.fhwa.dot.gov/publications/research/safety/14051/14051.pdf.

39


http://www.nzta.govt.nz/assets/resources/research/reports/573/573-the-relationship-between-road-lighting-and-night-time-crashes.pdf
http://www.nzta.govt.nz/assets/resources/research/reports/573/573-the-relationship-between-road-lighting-and-night-time-crashes.pdf
http://www.fhwa.dot.gov/publications/research/safety/14051/14051.pdf

Gibbons, R. B. (1997). Influence of Pavement Reflection on Target Visibility, PhD dissertation.
University of Waterloo, Waterloo, Ontario, Canada, 1997

Gibbons, Ronald B. (2006). Influence Of Pavement Reflection On Target Visibility, Issue NQ-30612,
1997.

Gibbons, Ronald B.(1993). Fields Of Visibility For The Nighttime Driver.

Gibbons, Ronald B., and Jonathan Hankey, 2007. Wet Night Visibility of Pavement Markings: Dynamic
Experiment. Transportation Research Record: Journal of the Transportation Research Board 2015.1
(2007): 73-80.

Gibbons, Ronald B., Carl Andersen, and Jonathan Hankey. Wet night visibility of pavement markings: A
static experiment. Transportation Research Record: Journal of the Transportation Research Board 1911.1
(2005): 113-122.

Gibbons, Ronald B., Chris Edwards, Brian Williams, and Carl K. Andersen, 2008. Informational Report
on Lighting Design for Midblock Crosswalks, FHWA Report Number FHWA-HRT-08-053, Federal
Highway Administration, Washington, D.C., 32 pp.

Gibbons, Ronald B; Edwards, Chris; Gupta, Santosh (2005). Enhanced Night Visibility Series, Volume
XVI: Phase lll—Characterization of Experimental Objects, Virginia Polytechnic Institute and State

University, Blacksburg; Federal Highway Administration, 2005, 69p.

Gibbons, Ronald B; Edwards, Christopher J. A (2007). Review of Disability and Discomfort Glare
Research and Future Direction, 18th Biennial TRB Visibility Symposium, Transportation Research
Board, 2007, 13p.

Gibbons, Ronald B; Edwards, Christopher J; Bhagavathula, Rajaram; Carlson, Paul; Owens, D Alfred
(2012). Development of Visual Model for Exploring Relationship Between Nighttime Driving Behavior
and Roadway Visibility Features, Transportation Research Record: Journal of the Transportation
Research Board, Issue 2298, 2012, pp 96-103.

Gibbons, Ronald B; Edwards, Christopher J; Bhagavathula, Rajaram; Owens, D Alfred (2013).
Development of Visual Model for Exploring Relationship Between Nighttime Driving Behavior and

Roadway Visibility Features, Accident Reconstruction Journal, Volume 23, Issue 6, 2013, pp 11-16.

40



Gibbons, Ronald B; Edwards, Christopher J; Clanton, Nancy; Mutmansky, Michael (2010). Alternative
Lighting Evaluations in Municipality of Anchorage, Transportation Research Board 89th Annual

Meeting, Transportation Research Board, 2010.

Gibbons, Ronald B; Edwards, Christopher J; Trani, Antonio A. (2009). Guidance for Identifying and
Mitigating Approach Lighting System Hazards, ACRP Research Results Digest, Issue 6, 2009, 14p.

Gibbons, Ronald B; Edwards, Christopher J; Trani, Antonio A. (2008). Guidance for Identifying and
Mitigating Approach Lighting System Hazards. ACRP Web-Only Document, Issue 4, 2008, 88p

Gibbons, Ronald B; Edwards, Christopher J; Trani, Antonio A. (2010). Approach Lighting System
Safety, International Airport Review, VVolume 14, Issue 1, 2010, pp 34-38.

Gibbons, Ronald B; Guo, Feng; Medina, Alejandra; Du, Jianhe; Terry, Travis; Lutkevich, Paul; Li, Qing
(2015). Approaches to Adaptive Lighting on Roadways, Transportation Research Record: Journal of the
Transportation Research Board, Issue 2485, 2015, pp 26-32.

Gibbons, Ronald B; Hankey, Jonathan M. (2005). Enhanced Night Visibility Series, Volume IX: Phase
Il—Characterization of Experimental Objects, Virginia Polytechnic Institute and State University,
Blacksburg; Federal Highway Administration, 2005, 113p.

Gibbons, Ronald B; Hankey, Jonathan. Influence of Vertical Illuminance on Pedestrian Visibility in
Crosswalks (2006). Transportation Research Record: Journal of the Transportation Research Board, Issue
1973, 2006, pp 105-112, Washington, D.C.

Gibbons, Ronald B; Lee, Suzanne E; Williams, Brian; Miller, C Cameron (2008). Selection and
Application of Warning Lights on Roadway Operations Equipment, NCHRP Report, Issue 624, 48p.

Gibbons, Ronald B; McElheny, Melinda J; Edwards, Christopher J. Impact of Pavement Marking Width
on Visibility Distance (2006). Transportation Research Board 85th Annual Meeting, Transportation
Research Board, Washington, D.C.

Gibbons, Ronald B; Meyer, Jason (2013). Exploratory Evaluation of the Impact of Spectral Power
Distributions on Driver Performance, Transportation Research Board 92nd Annual Meeting,

Transportation Research Board, 2013, 18p.

Gibbons, Ronald B; Moulton, Clay (2005). Enhanced Night Visibility Series, Volume XVII: Phases Il
and Ill—Characterization of Experimental Vision Enhancement Systems, Virginia Polytechnic Institute

and State University, Blacksburg; Federal Highway Administration, 2005, 75p.

41



Gibbons, Ronald B; Williams, Brian M. (2011). The Refinement of Drivers’ Needs During Wet Night
Conditions: Wet Visibility Project Phase 111, Virginia Polytechnic Institute and State University,
Blacksburg; Virginia Department of Transportation; Federal Highway Administration, 66p.

Gibbons, Ronald B; Williams, Brian M. (2011). The Refinement of Drivers’ Visibility Needs During Wet
Night Conditions: Wet Visibility Project Phase I11, Virginia Polytechnic Institute and State University,
Blacksburg; Virginia Center for Transportation Innovation and Research; Virginia Department of

Transportation; Federal Highway Administration, 2011, 66p.

Gibbons, Ronald B; Williams, Brian M. (2012). Assessment of the Durability of Wet Night Visible
Pavement Markings: Wet Visibility Project Phase IV, Virginia Polytechnic Institute and State University,
Blacksburg; Virginia Department of Transportation; Virginia Center for Transportation Innovation and
Research, 2012, 52p.

Gibbons, Ronald B; Williams, Brian; Cottrell Jr., Benjamin H.(2013). Assessment of the Durability of
Wet Night Visible Pavement Markings: Retroreflectivity Experiment, Transportation Research Board
92nd Annual Meeting, Transportation Research Board, 2013, 20p.

Gibbons, Ronald B; Williams, Brian; Cottrell, Benjamin (2012). Refinement of Drivers’ Visibility Needs
During Wet Night Conditions, Transportation Research Record: Journal of the Transportation Research
Board, Issue 2272, 2012, pp 113-120.

Gibbons, Ronald B; Williams, Brian; Cottrell, Benjamin (2013). Assessment of Durability of Wet Night
Visible Pavement Markings: Visibility Experiment, Transportation Research Record: Journal of the
Transportation Research Board, Issue 2337, 2013, pp 67-73.

Gibbons, Ronald Bruce, and Carl K. Andersen. Pavement Marking Visibility Requirements During Wet
Night Conditions, No. VTRC 07-CR7, Virginia Transportation Research Council, 2006, 64pp.

Gibbons, Ronald Bruce, J. Hankey, and Irena Pashaj, 2004. Wet Night Visibility of Pavement Markings.
No. FHWA/VTRC 05-CRs.

Gibbons, Ronald; Guo, Feng; Du, Jianhe; Medina, Alejandra; Lutkevich, Paul; Terry, Travis; Li, Qing.
Linking Roadway Lighting and Crash Safety. Transportation Research Board 94th Annual Meeting,
Transportation Research Board, 2015, 15p.

Gibbons, Ronald; Guo, Feng; Medina, Alejandra; Terry, Travis; Du, Jianhe; Lutkevich, Paul; Corkum,
David; Vetere, Peter (2014). Guidelines for the Implementation of Reduced Lighting on Roadways,

42



Virginia Polytechnic Institute and State University, Blacksburg; Federal Highway Administration, 2014,
46p.

Goguen, G. and R.A. Smith (1975).Relating Design, Economic Analysis, and Energy Conservation
Techniques in Highway Lighting, Paper presented at the Annual IES conference, San Francisco, CA, July
13-18, 1975.

Golob, Thomas F., and Wilfred W. Recker (2003). Relationships among urban freeway accidents, traffic
flow, weather, and lighting conditions, California PATH Working Paper UCB-ITS-PWP-2001-19.

Golob, Thomas F., and Wilfred W. Recker. Relationships among urban freeway accidents, traffic flow,

weather, and lighting conditions. Journal of Transportation Engineering 129.4 (2003): 342-353.

Gonzalez-Velez, Enrique, 2011.Safety Evaluation of Roadway Lighting Illuminance Levels and its
Relationship with Nighttime Crash Injury Severity for West Central Florida Region, Graduate School

Theses and Dissertations, http://scholarcommons.usf.edu/etd/3122.

Gramza, K., James Alexander Hall, and W. Sampson. Effectiveness of freeway lighting. No. FHWA-RD-
79-77 Final Rpt.. 1980.

Green, Eric R., K.R. Agent, M.L. Barrett, and J.G. Pigman, 2003. Lighting and driver safety. No. KTC-
03-12/SPR247-02-1F, Lexington, KY.

Griffith, Michael S., 1994. Comparison of the safety of lighting options on urban freeways. Public Roads
58, no. 2 (1994).

Gross, Frank, and Eric T. Donnell. Case—control and cross-sectional methods for estimating crash
modification factors: Comparisons from roadway lighting and lane and shoulder width safety effect
studies. Journal of Safety Research 42.2 (2011): 117-129.

Gruber, Nicole, Urs P. Mosimann, René M. Miiri, and Tobias Nef, 2013. Vision and Night Driving
Abilities of Elderly Drivers. Traffic injury prevention 14, no. 5 (2013): 477-485.

Guler, Onder, and Sermin Onaygil. A New Criterion for Road Lighting: Average Visibility Level
Uniformity. Journal of Light & Visual Environment 27.1 (2003): 39-46.

Hall, R. R., and Fisher, A. J., 1978, Measure of Visibility and Visual Performance in Road Lighting,
ARRB Research Report No. 74, Australian Road Research Board, Victoria, Australia.

43


http://scholarcommons.usf.edu/etd/3122

Hankey, Jonathan M; Blanco, Myra; Gibbons, Ronald B; McLaughlin, Shane B; Dingus, Thomas A.
(2005). Enhanced Night Visibility Series, Volume |: Executive Summary, Virginia Polytechnic Institute
and State University, Blacksburg; Federal Highway Administration, 2005, 27p.

Hankey, Jonathan M; Blanco, Myra; Neurauter, M Lucas; Gibbons, Ronald B; Porter, Richard J; Dingus,
Thomas A. (2005). Enhanced Night Visibility Series, Volume XII: Overview of Phase Il and
Development of Phase I11 Experimental Plan, Virginia Polytechnic Institute and State University,

Blacksburg; Federal Highway Administration, 2005, 31p.

Hankey, Jonathan M; McLaughlin, Shane B; Gibbons, Ronald B; Williams, Vicki H; Clark, Jason;
Dingus, Thomas A. (2005). Enhanced Night Visibility Series, Volume XVIII: Overview of Phase Ill,
Virginia Polytechnic Institute and State University, Blacksburg; Federal Highway Administration, 2005,
27p

Harkey, D.L., Raghavan, S., Jongdea, B., Council, F.M., Eccles, K., Lefler, N., Gross, F., Persaud, B.,
Lyon, C., Hauer, E., and Bonneson, J., Crash Reduction Factors for Traffic Engineering and ITS
Improvements, NCHRP Report 617, Transportation Research Board, Washington, D.C., (2008),
http://onlinepubs.trb.org/Onlinepubs/nchrp/nchrp _rpt 617.pdf.

Harwood, D. W., Council, F. M., Hauer, E., Hughes, W. E., and Vogt, A. (2000), Prediction of the
Expected Safety Performance of Rural Two-Lane Highways. FHWA-RD-99-207, Federal Highway
Administration, McLean, VA.

Harwood, D.W., Bauer, K.M., Richard, K.R., Gilmore, D.K., Graham, J.L., Potts, I.B., Torbic, D.J., and
Hauer, E. (2007). Methodology to Predict the Safety Performance of Urban and Suburban Arterials, Web-
Only Document 129: Phases | and 11, Final Report for NCHRP Project 17-26, Submitted March 2007,
National Cooperative Highway Research Program, Transportation Research Board of the National

Academies, Washington, D.C.

Hassan, Hany, and Mohamed A. Abdel-Aty. Exploring visibility-related crashes on freeways based on
real-time traffic flow data. Transportation Research Board 90th Annual Meeting. No. 11-0920. 2011.

He, Yunjian, Mark Rea, Andrew Bierman, and John Bullough. Evaluating light source efficacy under
mesopic conditions using reaction times. Journal of the Illuminating Engineering Society 26, no. 1
(1997): 125-138.

44


http://onlinepubs.trb.org/Onlinepubs/nchrp/nchrp_rpt_617.pdf

Helai H, Chor CH, Haque MM. (2008). Severity of driver injury and vehicle damage in traffic crashes at
intersections: A Bayesian hierarchical analysis, Accident Analysis and Prevention, VVolume 40, Issue 1,
January 2008, Pages 45-54.

Herbert, David, and Norman Davidson, 1994. Modifying the built environment: the impact of improved
street lighting. Geoforum 25.3 (1994): 339-350.

Herschel W. Leibowitz, D. Alfred Owens, Richard A. Tyrrell, 1998. The assured clear distance ahead
rule: Implications for nighttime traffic safety and the law, Accident Analysis & Prevention, Volume 30,
Issue 1, January 1998, Pages 93-99, ISSN 0001-4575.

Hills B L. (1980). Vision, visibility, and perception in driving, Perception 9(2): p.183-216.

Hilton, Marvin Henry (1980). A Comparison of Full and Partial Lighting on Two Sections of Roadway,
VHTRC 80-R52, Final Report.

Hoffman et al, 1982. Synthesis of Safety Research Related to Traffic Control and Roadway Elements,
Volume 1, Report FHWA-TS-82-232, Washington, D.C., Federal Highway Administration.

Hovey, P. W. and Chowdhury, M. (2005). Development of Crash Reduction Factors. 14801(0), Ohio

Department of Transport.

Illuminating Engineering Society of North America, 1989. Value of Public Roadway Lighting, IES CP-
31-1989. New York, NY: llluminating Engineering Society of North America.

Isebrands, H., S. Hallmark, Z. Hans, T. McDonald, H. Preston, and R. Storm. Safety Impacts of Street
Lighting at Isolated Rural Intersections—Part 1l: Final Report. Report No. MN/RC-2006-35, Minnesota
Department of Transportation, St. Paul, MN, 2006.

Isebrands, H., S. Hallmark, Z. Hans, T. McDonald, H. Preston, and R. Storm. Safety Impacts of Street
Lighting at Isolated Rural Intersections—Part II: Year 1 Report, sponsored by the Minnesota Department
of Transportation and Minnesota Local Road Research Board, performed by Center for Transportation

Research and Education, lowa State University, Ames, IA.

Isebrands, Hillary N. (2010). Roadway Lighting Shows Safety Benefits at Rural Intersections, Journal of
Transportation Engineering 136(11).

45



Isebrands, Hillary N., Shauna L. Hallmark, Wen Li, Tom McDonald, Richard Storm, and Howard Preston
(2010). Roadway Lighting Shows Safety Benefits at Rural Intersections, Journal of Transportation
Engineering, Nov 2010, 136(11), pp. 949-955.

Isebrands, Hillary Nicole. Safety Impacts of Street Lighting at Isolated Rural Intersections. Diss. lowa
State University, 2004.

Ising, K., Fricker, T., Lawrence, J., and Siegmund, G. (2003). Threshold Visibility Levels for the Adrian
Visibility Model under Nighttime Driving Conditions, SAE Technical Paper 2003-01-0294.

Jackett, Michael (2012). How Does the Level of Road Lighting Affect Crashes in New Zealand - A Pilot
Study, July 2012, Study Report, 54pp.

Jackett, Michael, and William Frith, 2013. Quantifying the impact of road lighting on road safety—A New

Zealand Study, International Association of Traffic and Safety Sciences Research, March 2013.

Janoff, M. S., 1993, Measured versus Computer —Predicted Luminance in Roadway Lighting Application,
Journal of the Illuminating Engineering Society, Illuminating Engineering Society of North America,
New York, NY, pp. 122-130.

Janoff, M., and L. Staplin. Costs, benefits, and legal implications of reduced freeway lighting. APWA
Reporter 51.10 (1984): 16-17.

Jiang, Y., Wu, H,, Liu, Z., and Wang, Y. (2007) Traffic Safety and Road Lighting Evenness Influence.
International Conference on Transportation Engineering 2007: pp. 834-839.doi: 10.1061/40932(246)137

Johansson, Maria, Malin Rosén, and Rikard Kiiller, 2011. Individual factors influencing the assessment of

the outdoor lighting of an urban footpath. Lighting research and Technology 43.1 (2011): 31-43.

Johansson, Osten, Per Ole Wanvik, and Rune Elvik. A new method for assessing the risk of accident
associated with darkness. Accident Analysis & Prevention 41.4 (2009): 809-815.

Jung, F. W., and Titishov, A., 1987, Standard Target Contrast: A Visibility Parameter Beyond Luminance
to Evaluate the Quality of Roadway Lighting, Transportation research Record 1111, Transportation
Research Board, Washington, D.C., pp. 62-71.

Jung, Soyoung, Qin Xiao, and Yoonjin Yoon. Evaluation of motorcycle safety strategies using the
severity of injuries. Accident Analysis & Prevention 59 (2013): 357-364.

46



Keck, M.E. (1991). The Relationship of Fixed and Vehicular Lighting to Accidents, FHWA-SA-91-019,
Final Report, McLean, VA, 29 p.

Keck, M.E., 1983. Visibility As The Criteria For Roadway Lighting Standard, presented at the 20th
session of the CIE, International Commission on Illumination, held in Amsterdam, August 31-September

8, 1983, Volume 1, D401, Bureau Cent de la commission Intl de I'Eclairage, Paris, France.

Keck, Merle E. A new visibility criteria for roadway lighting. Journal of the llluminating Engineering
Society 30.1 (2001): 84-809.

Kline, Donald W., Theresa JB Kline, James L. Fozard, William Kosnik, Frank Schieber, and Robert
Sekuler, 1992. Vision, aging, and driving: The problems of older drivers. Journal of Gerontology 47, no.
1 (1992): P27-P34.

Kludt, Kelli, et al. Human Factors Literature Reviews on Intersections, Speed Management, Pedestrians
and Bicyclists, and Visibility. No. FHWA-HRT-06-034, Federal Highway Administration, McLean, VA.

Knight, Colette, 2010. Field surveys of the effect of lamp spectrum on the perception of safety and
comfort at night. Lighting Research and Technology 42, no. 3, pp. 313-329.

Kohler, S., and C. Neumann, 2013. Luminance coefficients of road surfaces for low angles of
illumination, Lighting Research and Technology 45(5), pp 599-613, October 2013.

Konstantopoulos, P., Chapman, P., and Crundall, D. (2010). Driver's visual attention as a function of
driving experience and visibility. Using a driving simulator to explore drivers’ eye movements in day,
night and rain driving. Accident Analysis & Prevention, 42(3), 827-834.

Lambert, James H., and Thomas Turley. Priority setting for the distribution of localized hazard
protection. Risk Analysis 25.3 (2005): 745-752.

Lambert, James Hamilton, and Thomas C. Turley. Screening methodology for needs of roadway lighting.
No. FHWA/VTRC 03-CR14,. Virginia Transportation Research Council, 2003.

Lamm, Ruediger, Juergen H. Kloeckner, and Elias M. Choueiri. Freeway lighting and traffic safety-a
long-term investigation. No. HS-040 075. 1985.

Langham, Martin, and Nicholas Moberly. Pedestrian conspicuity research: a review. Ergonomics 46.4
(2003): 345-363.

47



Lee C, Abdel-Aty M. (2005) Comprehensive analysis of vehicle—pedestrian crashes at intersections in
Florida. Accident Analysis and Prevention, 775 - 786

Lee, D. and Donnell, E. (2007). Analysis of Nighttime Driver Behavior and Pavement Marking Effects
Using Fuzzy Inference System. J. Comput. Civ. Eng., 21(3), 200-210.

Li, Yingfeng; Gibbons, Ronald; Medina, Alejandra (2015). Integrating Adaptive Lighting Database with
SHRP 2 Naturalistic Driving Study Data. Transportation Research Board 94th Annual Meeting,

Transportation Research Board, 16p.

Li, Z., Ahn, S., Chung, K., Ragland, D., Wang, W., and Yu, J. (2014). Surrogate safety measure for
evaluating rear-end collision risk related to kinematic waves near freeway recurrent bottlenecks. Accident
Analysis & Prevention 64, March 2014, 52-61.

LightSavers (2010). Adaptive Lighting Guide, LightSavers Canada, Canadian Urban Institute, Toronto,
ON, Canada.

LightSavers (2011). Advanced Lighting, Safety and Community Needs: Interviews with Key
Stakeholders, April 2011, LightSavers Canada, Canadian Urban Institute, Toronto, ON, Canada.

Lingard, R., and M. S. Rea. Off-Axis Detection at Mesopic Light Levels in a Driving Context. Journal of
the llluminating Engineering Society, Vol. 31, No. 1, 2002, pp. 33-39.

Lipinski, Martin E., and R. H. Wortman. Effect of lllumination on Rural At-Grade Intersection Accidents
(Abridgment). No. HS-021 004. 1976.

Loe, D. L. (2009). Energy efficiency in lighting—considerations and possibilities. Lighting Research and
Technology 41.3: 209-218.

Lord, D., Geedipally, S.R., Persaud, B.H., Washington, S.P., Van Schalkwyk, 1., Ivan, J.N., Lyon, C., and
Jonsson, T. (2008). Methodology to Predict the Safety Performance of Rural Multilane Highways,
NCHRP Web-Only Document 126, National Cooperative Highway Research Program, Transportation

Research Board of the National Academies, Washington, D.C.

Lundkvist, Sven-Olof, and Jonas Ihlstrom (2013). Samband mellan hastighet och belysning (The
relationship between speed and illumination), VTI notat 3-2014, Swedish National Road and Transport
Research Institute (VTI), Linkdping, Sweden.

48



Luo, Wei, Marjukka Puolakka, Meri Viikari, Sinan Kufeoglu, Anne Ylinen, and Liisa Halonen (2012).
Lighting Criteria for Road Lighting: A Review, Light & Engineering 20, no. 4.

Lutkevich, Paul, Don McLean, Joseph Cheung, 2012. FHWA Lighting Handbook, August 2012, Office
of Safety, Federal Highway Administration, Washington, D.C.

Marks, L.B., 1906. Inaugural Address of President L.B. Marks (1906). Present State of the Science and
Art of Illumination, Illuminating Engineering Society (IES), February 1906.

Marsden, A. M., 1976, Road Lighting-Visibility and Accident Reduction, Public Lighting, 41(175),
Association of Public Lighting Engineers, pp. 106-111.

Mayeur, Anais, Roland Bremond, and J. M. Bastien, 2010. The effect of the driving activity on target
detection as a function of the visibility level: Implications for road lighting. Transportation Research Part
F: Traffic Psychology and Behaviour 13, no. 2 (2010): 115-128.

Mayeur, Anais, Roland Brémond, and J. M. Christian Bastien (2010). Effects of the viewing context on

target detection. Implications for road lighting design. Applied ergonomics 41.3: 461-468.

McLean, Don (2013). Street Lighting Efficiency and Power Reduction, presentation in Advancements in
Adaptive Street Lighting training, Tuesday, November 5, 2013 - 07:30 to 11:30, presented in partnership
with Holophane ROAM, and BC Hydro PowerSmart, British Columbia, CA.

McLean, Don (Publication Date Unknown). Adaptive Roadway Lighting, IMSA Journal, p.10, 12, 54-58.

Miomir Kostic, Lidija Djokic (2009). Recommendations for energy efficient and visually acceptable
street lighting, Energy, 11th Conference on Process Integration, Modelling and Optimisation for Energy
Saving and Pollution Reduction, Volume 34, Issue 10, October 2009, Pages 1565-1572, ISSN 0360-5442.

Miranda Cornelissen , Paul M. Salmon & Kristie L. Young (2013). Same but different? Understanding
road user behaviour at intersections using cognitive work analysis, Theoretical Issues in Ergonomics
Science, 14:6.

Monsere, C.M., T. Yin, and M. Wolfe (2007). Understanding the Safety Effects of Roadway Illumination
Reductions. Report Number 05-02FINAL, Portland State University, Intelligent Transportation Systems
Lab, August 2007.

Monsere, Christopher M., and Edward L. Fischer (2008). Safety effects of reducing freeway illumination
for energy conservation. Accident Analysis & Prevention 40, no. 5: 1773-1780.

49



Monsere, Christopher M., and Edward L. Fischer (2008). Safety Effects of Reducing Highway
Illumination for Energy Conservation. In Transportation Research Board 87th Annual Meeting, no. 08-
0321.

Monsere, Christopher Michael, Soyoung Ahn, and Zuduo Zheng (2010). Empirical Observation of the
Impact of Traffic Oscillations on Freeway Safety. No. OTREC-RR-10-13. Oregon Transportation

Research and Education Consortium.

Morante, Peter (2008). Mesoscopic street lighting demonstration and evaluation, Lighting Research

Center, Rensselaer Polytechnic Institute, Troy, NY.

Muttart, J., Bartlett, W., Kauderer, C., Johnston, G. et al., Determining When an Object Enters the
Headlight Beam Pattern of a Vehicle, SAE Technical Paper 2013-01-0787.

Muttart, J., Bartlett, W., Kauderer, C., Johnston, G., Romoser, M. R., Unarski, J., & Barshinger, D.
(2013). Determining When an Object Enters the Headlight Beam Pattern of a Vehicle. Training, 2013,
11-25.

Nagel, G. A. (1957). Some Night Views of a Highway Lighting Test Installation. Highway Research
Board Bulletin.

Nygardhs, Sara (2006). Road Lighting - A Literature Review, VTI Rapport 535, Project 12826, Swedish
with an English summary, Linkoping, Sweden 62pp.

Ohno, Yoshi, and Wendy Davis, 2010. Rationale of Color Quality Scale, June 8, 2010, National Institute
of Standards and Technology.

Owens D, Sivak M. (1993). The Role of Visibility in Nighttime Road Fatalities

Owens DA, Wood JM, Owens JM. (2007). Effects of age and illumination on night driving: a road test.
Hum Factors 49:1115-1131.

Owens, D Alfred; Hunter, Megan; Zhang, Xiaoyu; Gibbons, Ronald B; Edwards, Christopher J; Viita,
Derek (2010). Assessment of Nighttime Visibility of Realistic Targets Using a Video-Based Simulation
of Virginia Smart Road, Transportation Research Board 89th Annual Meeting, Transportation Research
Board, 2010, 19p.

Owens, D. Alfred (1993). The role of reduced visibility in nighttime road fatalities, UMTRI-93-33,
Transportation Research Institute, UMTRI, University of Michigan, Ann Harbor, M.

50



Owens, D.A., Sivak M. (1996). Differentiation of visibility and alcohol as contributors to twilight road
fatalities, Human Factors: The Journal of the Human Factors and Ergonomics Society , Volume 38, Issue

Number 4, p. 680-68, Sage Publications, Incorporated, Santa Monica, CA.

Owsley, Cynthia, and Gerald McGwin Jr. Vision impairment and driving. Survey of ophthalmology 43.6
(1999): 535-550.

Palmer, Matthew E; Gibbons, Ronald; Jahangiri, Arash (2015). An Experimental On-Demand Roadway-
Lighting System. Transportation Research Board 94th Annual Meeting, Transportation Research Board,
2015, 13p.

Pike, Adam M; Carlson, Paul J; Meyer, Jason E; Gibbons, Ronald B. (2009). Florida's Wet Weather

Demonstration Project, Texas Transportation Institute; Florida Department of Transportation, 2009, 112p.

Plainis, S., I. J. Murray, and I. G. Pallikaris (2006). Road traffic casualties: understanding the night-time
death toll. Injury prevention 12.2: 125-138.

Preston, Howard, and Ted Schoenecker (1999). Safety impacts of street lighting at isolated rural
intersections. No. MN/RC-1999-17.

Pulugurtha, Srinivas S., and PE Ravishankar Potty Narayanan (2013). NC Roadway Lighting Needs

Assessment, Maintenance Prioritization Tool and Performance Measures. No. FHWA/NC/2012-14.

Qu, Xu, Wei Wang, and Wenfu Wang (2011). Identification of Traffic Conditions Leading to Sideswipe

Crashes on Freeways. 11th International Conference of Chinese Transportation Professionals (ICCTP).

Rae, M.S., J.D. Bullough, C.R. Fay, J.A. Brons, J.V. Derlofske, and E.T. Donnell (2009). Review of the
safety benefits and other effects of roadway lighting. National Cooperative Highway Research Program

Transportation Research Board, National Academies, Washington, D.C.

Rea, M. (1989). Visibility Criteria and Application Techniques for Roadway Lighting. Transportation
Research Record 1247, ISSN: 0361-1981, ISBN: 0309049727, Transportation Research Board, National
Academies, Washington, D.C.

Rea, M.S., Bullough, J.D., Zhou, Y. (2010). A method for assessing the visibility benefits of roadway
lighting, Lighting Research and Technology 42, 215-241.

Rea, Mark S. (1986). Toward a model of visual performance: Foundations and data. Journal of the
Illuminating Engineering Society 15.2: 41-57.

51



Rea, Mark, Eric Donnell, and John Bullough (2013). To llluminate or Not to Illuminate: The Relationship
of Fixed and Vehicular Lighting to Accidents, Presentation dated April 2, 2013.

Recarte, Miguel A., and Luis M. Nunes (2003). Mental workload while driving: effects on visual search,

discrimination, and decision making. Journal of Experimental Psychology: Applied 9.2: 119.

Retting, Richard A., Susan A. Ferguson, and Anne T. McCartt (2003). A review of evidence-based traffic
engineering measures designed to reduce pedestrian-motor vehicle crashes. American Journal of Public
Health 93, no. 9: 1456-1463.

Rosén, Erik, and Ulrich Sander (2009). Pedestrian fatality risk as a function of car impact speed.
Accident Analysis & Prevention 41.3: 536-542.

Rumar, K. and Marsh, 11, D.K. (1998). Lane Markings in Night Driving: A Review of Past Research and
of the Present Situation, November 1998, UMTRI-98-50, The University of Michigan, Transportation
Research Institute, Ann Arbor, MI.

Rumar, Kare (1990). The basic driver error: late detection. Ergonomics 33.10-11: 1281-1290.

Sasidharan, Lekshmi, and Eric T. Donnell (2012). Application of propensity scores and potential
outcomes to estimate effectiveness of traffic safety countermeasures: Exploratory analysis using

intersection lighting data. Accident Analysis & Prevention, Volume 50, January 2013, Pages 539-553.

Schieber, Frank (1994). Recent Developments in Vision, Aging, and Driving. Report UMTRI-94-26,
October 1994, UMTRI Transportation Research Institute, University of Michigan.

Schreuder, D. A. (1998). Road lighting for safety, Thomas Telford Publishing, 336 pp.

Schwab, R.N., N.E. Walton, J.M. Mounce, and M.J. Rosenbaum (1982). Synthesis of Safety Research
Related to Traffic Control and Roadway Elements, Volume 2, Report FHWA-TS-82-233, Washington,
D.C., Federal Highway Administration.

Shaflik, Carl (1997). Environmental Effects of Roadway Lighting, International Dark-Sky Association,
Information Sheet 125, August 1997, http://www.darksky.org/resources/information-sheets/is125.html.

Siddiqui, Naved Alam (2006). Crossing Locations, Light Conditions, and Pedestrian Injury Severity,
Thesis, Department of Civil and Environmental Engineering, College of Engineering, University of South
Florida, May 30, 2006.

52


http://www.darksky.org/resources/information-sheets/is125.html

Skinner, N. and Bullough, J. (2009). Visual Recovery and Discomfort Following Exposure to Oncoming
Headlamps, SAE Int. J. Passeng. Cars - Mech. Syst. 2(1):745-749.

Sloan, Gary D., Kenneth E. Nemire, Joseph Cohen, Marc. L. Resnick, and Claudine Cloutier, 2012.
Examples of How to Present Human Factors Testimony to the Trier of Fact, Proceedings of the Human

Factors and Ergonomics Society Annual Meeting, September 2012; vol. 56, 1: pp. 695-699.

Smelser, William A. (2013). ANSI/IESNA RP-8-00 - Recommended Practice for Roadway Lighting,
presentation in Advancements in Adaptive Street Lighting training, Tuesday, November 5, 2013 - 07:30
to 11:30, presented in partnership with Holophane ROAM, and BC Hydro PowerSmart, British
Columbia, CA.

Song, S. and Yeo, H. (2012). Method for Estimating Highway Collision Rate That Considers State of
Traffic Flow. Transportation Research Record: Journal of the Transportation Research Board, 2318(-1),
52-62.

Staplin, L. K., M. S. Janoff, and L. E. Decina (1986). Reduced Lighting On Freeways During Periods Of
Low Traffic Density. Final Report. No. FHWA/RD-86/018 8308-8508. 56pp.

Steinmetz, Charles (1907). Light and Illumination, Illuminating Engineering Society (IES).

Steinmetz, Charles Proteus (1909). Radiation, Light and Illumination: A Series of Engineering Lectures

Delivered at Union College, McGraw-Hill Book Company, 19009.

Stockman, Andrew, and Lindsay T. Sharpe (2006). Into the twilight zone: the complexities of mesopic

vision and luminous efficiency. Ophthalmic and Physiological Optics 26.3: 225-239.

Stone, P. T., A. M. Clarke, and A. I. Slater (1980) The effect of task contrast on visual performance and
visual fatigue at a constant illuminance. Lighting Research and Technology 12.3 (1980): 144-159.

Sullivan JM, Flannagan MJ. (2002). The role of ambient light level in fatal crashes: inferences from

daylight saving time transitions, Accident Analysis and Prevention, Volume 34, pp.487-498.

Sullivan, John M (1999). Assessing the potential benefit of adaptive headlighting using crash databases,
UMTRI 99-21, PB99-171241, UMTRI.

Sullivan, John M., and Michael J. Flannagan (2007). Determining the potential safety benefit of improved
lighting in three pedestrian crash scenarios. Accident Analysis & Prevention 39.3: 638-647.

53



Tario, J.D., Kabir, H., Bullough, J.D. and Radetsky, L.C. (2014). Sustainable Roadway Lighting Seminar,
Final Report, NYSERDA Report 14-28, July 2014, Prepared for New York State Energy Research and

Development Authority, http://www.nyserda.ny.gov/-

/media/Files/Publications/Research/Transportation/Sustainable-Roadway-Lighting-Seminars.pdf.

Terry, Travis N; Gibbons, Ronald B. Road-Surface Contrast and Adaptation of Visibility of Low-Contrast
Targets. Transportation Research Board 94th Annual Meeting, Transportation Research Board, 2015,
14p.

Terry, Travis; Gibbons, Ronald B. (2013). Comparison of LED Luminaires for Roadway Lighting Using
Obiject Detection and Color Recognition Distances, Transportation Research Board 92nd Annual

Meeting, Transportation Research Board, 2013, 19p.

Turner, B. Steinmetz, L., Lim, A. and Walsh, K. (2012). Effectiveness of Road Safety Engineering
Treatments. AP-R422-12. Austroads Project No: ST1571,

https://www.onlinepublications.austroads.com.au/items/AP-R422-12.

Van Bommel, Wout. Lighting quality and energy efficiency, a critical review. Light and Engineering 19.3
(2011): 5.

Venkataraman, Narayan S., Gudmundur F. Ulfarsson, and Venky N. Shankar (2014). Extending the
Highway Safety Manual (HSM) framework for traffic safety performance evaluation. Safety Science 64
(2014): 146-154.

Viikari, Meri, Aleksanteri Ekrias, Marjukka Eloholma, and Liisa Halonen (2008). Modeling spectral
sensitivity at low light levels based on mesopic visual performance, Clinical Ophthalmology, March
2008; 2(1): 173-185.

Waldram, J. M. (1938), The Revealing Power of Street Lighting Installation, Transactions, lllumination

Engineering Society of North America, London, England.

Walker, Fred W., and Stephen E. Roberts (1976). Influence of lighting on accident frequency at highway
intersections. Transportation Research Record 562, Transportation Research Board, National Academies,
Washington, D.C.

Walton, N. E., and N. J. Rowan (1974). NCHRP Report 152: Warrants for Highway Lighting,

Transportation Research Board, National Research Council, Washington, D.C.

54


http://www.nyserda.ny.gov/-/media/Files/Publications/Research/Transportation/Sustainable-Roadway-Lighting-Seminars.pdf
http://www.nyserda.ny.gov/-/media/Files/Publications/Research/Transportation/Sustainable-Roadway-Lighting-Seminars.pdf
https://www.onlinepublications.austroads.com.au/items/AP-R422-12

Wang, C., Quddus, M., and Ison, S. (2013). The effect of traffic and road characteristics on road safety: A

review and future research direction. Safety Science, 57, 264-275.

Wanvik, Per Ole (2009). Effects of road lighting: An analysis based on Dutch accident statistics 1987-
2006. Accident Analysis & Prevention 41, no. 1: 123-128.

Ward, Nicholas John, and Gerald J.S. Wilde (1995). A comparison of vehicular approach speed and
braking between day and nighttime periods at an automated railway crossing, Safety Science, VVolume 19,
Issue 1, April 1995, Pages 31-44, ISSN 0925-7535.

Williams, Vicki H; Gibbons, Ronald B; Hankey, Jonathan M. (2005). Enhanced Night Visibility Series,
Volume XI1V: Phase 111—Study 2: Comparison of Near Infrared, Far Infrared, and Halogen Headlamps on
Obiject Detection in Nighttime Rain, Virginia Polytechnic Institute and State University, Blacksburg;
Federal Highway Administration, 2005, 82p.

Willis, Kenneth G., Neil A. Powe, and Guy D. Garrod (2005). Estimating the value of improved street
lighting: a factor analytical discrete choice approach. Urban Studies 42.12: 2289-2303.

Wood, Joanne, Alex Chaparro, Trent Carberry, and Byoung Sun Chu (2010). Effect of simulated visual

impairment on nighttime driving performance. Optometry & Vision Science 87.6: 379-386.

Wooldridge, M.D., D.B. Fambro, M.A. Brewer, R.J. Engelbrecht, S.R. Harry, H. Cho (2000). Design
Guidelines for At-Grade Intersections Near Highway-Railroad Grade Crossings, Texas Transportation
Institute Report Number 0-1845-3, November 2000, Texas Transportation Institute, College Station, TX.

Wortman, R. H., and Martin E. Lipinski (1974). Rural At-Grade Intersection Illumination, Report No.
UILU-ENG 074-2011 Final Report.

Wortman, Robert Hilton, et al. Development of warrants for rural at-grade intersection illumination. No.
UILU-ENG-72-2022 Engr Study. 1972.

Yannis, George, Alexandra Kondyli, Nikolaos Mitzalis, 2013. Effect of lighting on frequency and
severity of road accidents, Proceedings of the ICE - Transport, Volume 166, Issue 5 VVolume 166, Issue 5,
October 2013, pages 271 - 281

Ye, X., R.M. Pendyala, S.P. Washington, K. Konduri, and J. Oh (2008). A Simultaneous Equations
Model of Crash Frequency By Collision Type for Rural Intersections, 87th Annual Meeting of the
Transportation Research Board, TRB 2008 Annual Meeting CD-ROM.

55



Yi, L., Xiang, Q., and Len, H. (2011) Impact of Lighting on Traffic Safety in Freeway Tunnel. ICCTP
2011: pp. 2358-2366.

Yin, Thareth (2005). Effects of Highway Illumination Reduction on Highway Safety Performance M.S.

Project, Department of Civil Environmental Engineering, Portland State University, Portland, OR.

Ylinen, Anne-Mari, Leena Tahkamo, Marjukka Puolakka, and Liisa Halonen. Road lighting quality,
energy efficiency, and mesopic design—led street lighting case study. LEUKOS 8, no. 1 (2011): 9-24.

Ylinen, Anne-Mari, Marjukka Puolakka, Liisa Halonen, and Grega Bizjak (2012). Road Lighting in
Change—Towards Better Energy-Efficiency in Finland. Light and Engineering 20, no. 3: 89.

Ylinen, Anne-Mari, Terhi Pellinen, Jarkko Valtonen, Marjukka Puolakka, and Liisa Halonen (2011).
Investigation of Pavement Light Reflection Characteristics. Road Materials and Pavement Design 12.3:
587-614.

Zhang, K., Yao, L., and Li, G. (2012) Influence of Road Lighting Quality Index on Traffic Safety.
ICLEM 2012: pp. 647-652.

Zhang, K., Yao, L., and Li, G. (2012) Relationship between Road Lighting and Traffic Accidents.
ICLEM 2012: pp. 640-646.

Zheng, Zuduo (2011). Empirical analysis of freeway traffic oscillation: its safety impact and evolution.
VDM Publishing House LTD, 2011.

Zheng, Zuduo, Soyoung Ahn, Christopher M. Monsere (2010). Impact of traffic oscillations on freeway
crash occurrences, Accident Analysis & Prevention, Volume 42, Issue 2, March 2010, Pages 626-636,
ISSN 0001-4575.

Zhou, Hongmin, H. Gene Hawkins Jr, and Jeff D. Miles (2013). Guidelines for Freeway Lighting
Curfews. No. FHWAJ/TX-13/0-6645-1, 104pp, May 2013, Texas Transportation Institute, College
Station, TX.

Zhou, Hongmin, H. Gene Hawkins Jr, and Jeff D. Miles. Project Summary 0-6645: Guidelines for
Continuous and Safety Roadway Lighting, Texas Transportation Institute, College Station, TX.

Zhou, Huaguo (2009). The Effects of Roadway Lighting Levels on Traffic and Pedestrian Safety, October
2009, SRF 2009 Report, Southern Illinois University Edwardsville, Edwardsville, IL.

56



Zhou, Huaguo, and Peter Hsu (2007). A Study on the Relationship between the Night Time Crash and
Street Lighting Level. Annual Meeting of Institute of Transportation Engineers, Pittsburgh, Pennsylvania,
USA, August 5-8, 2007.

Zhou, Huaguo, and Ping Hsu (2009). Effects of Roadway Lighting Level on the Pedestrian Safety.
ICCTP 2009: Critical Issues In Transportation Systems Planning, Development, and Management.
ASCE, pp. 1-9.

Zwahlen, H. T., and Schnell, T., 1994, Loss of Visibility Distance Caused by Automobile Windshields at
Night, Transportation Research Record 1495, Transportation Research Board, Washington, D.C., pp.
128-139.

57



Page left intentionally blank.

58



APPENDIX B. CMFS IN THE CMF CLEARINGHOUSE (January, 2013)

Comments CMF | CRF | Quality Crash Crash Severity | Area Type Analysis Year of research Reference
(%) Type approach publication

Countermeasure: 0.69 32 All Serious injury, Urban Meta-analysis | Research between | Elvik, R.
IHlumination Minor injury 1948 and 1989 and Vaa
T.,2004
Countermeasure: 0.84 16 All Property Urban Meta-analysis | Research between | Elvik, R.
IHlumination damage only 1948 and 1989 and Vaa
(PDO) T.,2004
Countermeasure: 0.73 27 All Serious injury, All Meta-analysis | Research between | Elvik, R.
IHlumination Minor injury 1948 and 1989 and Vaa
T.,2004
Countermeasure: 0.69 31 All Property Not Meta-analysis | Research between | Elvik, R.
IHlumination damage only specified 1948 and 1989 and Vaa
(PDO) T.,2004
Countermeasure: 0.31 69 All Fatal All Meta-analysis | Research between | Elvik, R.
IHlumination 1948 and 1989 and Vaa
T.,2004
Countermeasure: 0.8 20 All Serious injury, Rural Meta-analysis | Research between | Elvik, R.
IHlumination Minor injury 1948 and 1989 and Vaa
T.,2004
Countermeasure: 0.68 32 All Property All Meta-analysis | Research between | Elvik, R.
Illumination damage only 1948 and 1989 and Vaa
(PDO) T.,2004
Countermeasure: 0.7 30 All Property Rural Meta-analysis | Research between | Elvik, R.
IHlumination damage only 1948 and 1989 and Vaa
(PDO) T.,2004
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Comments CMF | CRF | Quality Crash Crash Severity | Area Type Analysis Year of research Reference
(%) Type approach publication
Countermeasure: 0.27 74 All Fatal Rural Meta-analysis | Research between | Elvik, R.
IHlumination 1948 and 1989 and Vaa
T.,2004
Countermeasure: 0.37 64 All Fatal Urban Meta-analysis | Research between | Elvik, R.
IHlumination 1948 and 1989 and Vaa
T.,2004
Countermeasure: 0.27 73 All Fatal All Meta-analysis | Research between | Elvik, R.
IHlumination 1948 and 1989 and Vaa
T.,2004
Countermeasure: 0.881 | 11.9 Nighttime All All Multivariate 2010 Donnell
Install intersection using night-to- Porter
lighting day crash ratio Shankar
2010
Countermeasure: 0.72 28 Nighttime Serious Injury, | All Meta-analysis | Research between | Elvik, R.
Provide highway (] Minor Injury 1948 and 1989 and Vaa
lighting T.,2004
Countermeasure: 0.83 18 Nighttime Property All Meta-analysis | Research between | Elvik, R.
Provide highway (] Damage Only 1948 and 1989 and Vaa
lighting (PDO) T.,2004
Countermeasure: 0.31 69 All Fatal All Meta-analysis | Research between | Elvik, R.
Provide highway 1948 and 1989 and Vaa
lighting T.,2004
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Comments CMF | CRF | Quality Crash Crash Severity | Area Type | Analysis Year of research | Reference
(%) Type approach publication

Countermeasure: 0.62 38 Nighttime Serious Injury, | Not Meta-analysis | Research between | Elvik, R.
Provide (] Minor Injury Specified 1948 and 1989 and Vaa
intersection T.,2004
illumination

Countermeasure: 0.58 42 Nighttime, | Serious Injury, | Not Meta-analysis | Research between | Elvik, R.
Provide g Vehicle/ Minor Injury Specified 1948 and 1989 and Vaa
intersection pedestrian T.,2004
illumination

Countermeasure: 041 |59 Vehicle/pe | Serious injury, Not Meta-analysis | Research between | Elvik, R.
Provide destrian Minor injury specified 1948 and 1989 and Vaa
intersection T.,2004
illumination

Countermeasure: 0.69 31 All Property Not Meta-analysis | Research between | Elvik, R.
Provide damage only specified 1948 and 1989 and Vaa
intersection (PDO) T.,2004
illumination

Countermeasure: 0.23 77 All Fatal Not Meta-analysis | Research between | Elvik, R.
Provide specified 1948 and 1989 and Vaa
intersection T.,2004
illumination

Countermeasure: 0.5 50 All Serious injury, Not Meta-analysis | Research between | Elvik, R.
Provide Minor injury specified 1948 and 1989 and Vaa
intersection T.,2004
illumination

Countermeasure: 0.52 49 All Property Not Meta-analysis | Research between | Elvik, R.
Provide damage only specified 1948 and 1989 and Vaa
intersection (PDO) T.,2004
illumination
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Comments CMF | CRF | Quality Crash Crash Severity | Area Type | Analysis Year of research | Reference
(%) Type approach publication

Countermeasure: 0.19 82 Vehicle/pe | Fatal Not Meta-analysis | Research between | Elvik, R.
Provide destrian specified 1948 and 1989 and Vaa
intersection T.,2004
illumination
Countermeasure: 0.67 32.6 Angle All Rural Multi-variate 2008 Yeetal.
Provide (simultaneous 2008
intersection equations
illumination crash

frequency

model)
Countermeasure: 0.56 43.8 Vehicle/pe | All Rural Multi-variate 2008 Ye etal.
Provide destrian (simultaneous 2008
intersection equations
illumination crash

frequency

model)
Countermeasure: 1.05 -5 Day time All All Multivariate 2012 Bullough et
Provide using night-to- al., 2012
intersection day crash ratio
illumination
Countermeasure: 0.92 8 Nighttime All All Multivariate 2012 Bullough et
Provide using night-to- al., 2012
intersection day crash ratio
illumination
Countermeasure: 1.03 -3 Day time All Urban and Multivariate 2012 Bullough et
Provide suburban using night-to- al., 2012
intersection day crash ratio
illumination
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http://www.cmfclearinghouse.org/detail.cfm?facid=440
http://www.cmfclearinghouse.org/detail.cfm?facid=440
http://www.cmfclearinghouse.org/study_detail.cfm?stid=14
http://www.cmfclearinghouse.org/study_detail.cfm?stid=14
http://www.cmfclearinghouse.org/study_detail.cfm?stid=14
http://www.cmfclearinghouse.org/detail.cfm?facid=2376
http://www.cmfclearinghouse.org/detail.cfm?facid=2376
http://www.cmfclearinghouse.org/study_detail.cfm?stid=148
http://www.cmfclearinghouse.org/study_detail.cfm?stid=148
http://www.cmfclearinghouse.org/detail.cfm?facid=2379
http://www.cmfclearinghouse.org/detail.cfm?facid=2379
http://www.cmfclearinghouse.org/study_detail.cfm?stid=148
http://www.cmfclearinghouse.org/study_detail.cfm?stid=148
http://www.cmfclearinghouse.org/detail.cfm?facid=5420
http://www.cmfclearinghouse.org/detail.cfm?facid=5420
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/detail.cfm?facid=5421
http://www.cmfclearinghouse.org/detail.cfm?facid=5421
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/detail.cfm?facid=5422
http://www.cmfclearinghouse.org/detail.cfm?facid=5422
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm

Comments CRF | Quality Crash Crash Severity | Area Type | Analysis Year of research | Reference
(%) Type approach publication

Countermeasure: 3 Nighttime All Urban and Multivariate 2012 Bullough et

Provide suburban using night-to- al., 2012

intersection day crash ratio

illumination

Countermeasure: 1.05 -5 Day time All Urban and Multivariate 2012 Bullough et

Provide suburban using night-to- al., 2012

intersection day crash ratio

illumination

Countermeasure: 0.91 9 Nighttime All Urban and Multivariate 2012 Bullough et

Provide suburban using night-to- al., 2012

intersection day crash ratio

illumination

Countermeasure: 1.09 -9 Day time All Rural Multivariate 2012 Bullough et

Provide using night-to- al., 2012

intersection day crash ratio

illumination

Countermeasure: 1. -7 Nighttime All Rural Multivariate 2012 Bullough et

Provide using night-to- al., 2012

intersection day crash ratio

illumination

Countermeasure: 2 Day time All Rural Multivariate 2012 Bullough et

Provide using night-to- al., 2012

intersection day crash ratio

illumination

Countermeasure: 0.98 2 Nighttime All Rural Multivariate 2012 Bullough et

Provide using night-to- al., 2012

intersection day crash ratio

illumination
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http://www.cmfclearinghouse.org/detail.cfm?facid=5423
http://www.cmfclearinghouse.org/detail.cfm?facid=5423
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/detail.cfm?facid=5424
http://www.cmfclearinghouse.org/detail.cfm?facid=5424
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/detail.cfm?facid=5425
http://www.cmfclearinghouse.org/detail.cfm?facid=5425
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/detail.cfm?facid=5428
http://www.cmfclearinghouse.org/detail.cfm?facid=5428
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/detail.cfm?facid=5429
http://www.cmfclearinghouse.org/detail.cfm?facid=5429
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/detail.cfm?facid=5426
http://www.cmfclearinghouse.org/detail.cfm?facid=5426
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/detail.cfm?facid=5427
http://www.cmfclearinghouse.org/detail.cfm?facid=5427
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/study_detail.cfm?stid=343
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm
http://www.cmfclearinghouse.org/sqr.cfm

Comments CMF | CRF | Quality Crash Crash Severity | Area Type | Analysis Year of research | Reference
(%) Type approach publication

Countermeasure: 022 |78 Vehicle/pe | Fatal Not Meta-analysis | Research between | Elvik, R.

Provide destrian specified 1948 and 1989 and Vaa

intersection T.,2004

illumination
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http://www.cmfclearinghouse.org/detail.cfm?facid=435
http://www.cmfclearinghouse.org/detail.cfm?facid=435
http://www.cmfclearinghouse.org/study_detail.cfm?stid=14
http://www.cmfclearinghouse.org/study_detail.cfm?stid=14
http://www.cmfclearinghouse.org/study_detail.cfm?stid=14
http://www.cmfclearinghouse.org/sqr.cfm

APPENDIX C: WSDOT ILLUMINATION REFORM PRESENTATIONS

Date Topic Meeting/ Conference Speakers
US 101 at Black Lake Boulevard WSDOT Annual Traffic Engineers
05/08/2013 | Adaptive LED Lighting Project and Meeting, Wenatchee WA Ted Bailey and Keith Calais
[llumination Reform
LED Adaptive Roadway Lighting & IMSA-Northwest Section 81st .
10/21/2013 WSDOT Illumination Reform Conference, Tacoma WA Ted Bailey
Roadway Lighting Reduction / LED WSDOT Quarterly Maintenance
02/06/2014 | Roadway Lighting Conversion Project Engineers Meeting, Olympia WA John Nisbet and Ted Bailey
Update
Illumination Research Municipal Solid State Lighting Consortium | Ted Bailey, Keith Calais and Ida van
02/28/2014 p
eer Exchange Schalkwyk
lllumination Reform WSDOTSs journey Washington Transportation Professionals .
06/03/2014 on rethinking why we light Forum; Olympia WA Ted Bailey and Ida van Schalkwyk
[lumination Reform Case study 3: Washington Transportation Professionals
06/03/2014 | WSDOT’s LED Adaptive Lighting Pilot, Forum; Olympia WA Keith Calais
US 101 in Olympia, WA
WSDOT LED Adaptive Roadway Lighting | Western States Rural Transportation
06/18/2014 | & lllumination Reform Technology Implementers Forum, Yreka Keith Calais
CA
WSDOT LED Adaptive Roadway Lighting | WSDOT Peer Exchange with TIB
07/29/2014 | & Illumination Reform / TIB Relight WA Ted Bailey and Ida van Schalkwyk
Projects
Practical Solutions at WSDOT: AASHTO Standing Committee on Highway
Performance-based Practical Design Traffic Safety - Subcommittee on Safety .
05/03/2015 and Risk-based vs Standards-based (SCOHTS-SM) Management (SCOHTS-SM) John Milton
Approach Meeting
WSDOT LED Adaptive Roadway Lighting | NWR Design Construction Conference; . .
09/15/2014 Keith Calais

& lllumination Reform

Seattle, WA
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Date Topic Meeting/ Conference Speakers
09/17/2014 WSDOT Illumination Reform and LED IES Street and Area Lighting Conference; Ted Bail
17/ Adaptive Roadway Lighting Nashville TN ed Balley
Illumination Reform, Reduction and Annual WSDOT Traffic Engineers .
09/20/2014 Removal Meeting; Richland WA Ted Bailey
Roadway Lighting Reduction / LED .
11/06/2014 | Roadway Lighting Conversion Project WSPOT Quarter.ly Malnten_ance John Nisbet and Ted Bailey
Engineers Meeting, Olympia WA
Update
FHWA Roadway Lighting Design -
Review of the 2012 FHWA Roadway FHWA Roadway Lighting Design . .
11/20/2014 Lighting Design Handbook; WSDOT LED | Workshop, Olympia WA Keith Calais and Ida van Schalkwyk
Adaptive Lighting Project
Roadway Lighting Reforms Rethinking 2014 WSDOT Tort Risk Summit;
12/16/2014 | \yhy we light September 16, 2014 John Nisbet, Mike Dornfeld
) L Peer Exchange: Improving Safety
03/03/2015 E::sa i::/isgnance. The Data Scientist Programs through Data Governance and | Ida van Schalkwyk
P Data Business Planning, Washington, D.C.
Using road lighting to minimise vehicle N
03/09/2015 | crashes in Washington State — a cost- Road Lighting 2015 Conference, John Milton
. Auckland, NZ
benefit approach
Use of LED adaptive lighting to reduce North/West Passage Transportation
03/30/2015 | power consumption costs at WSDOT/ | Pooled Fund TPF-5(190) Peer Exchange Ted Bailey
Webinar on Efficiencies / Webinar
th f
07/25/2015 | Roadway Lighting WSDOTSs journey on P . ’ Ted Bailey
rethinking why we light Safe, and Green Multimodal
gwhy g Transportation, Beijing, China
Illumination Reform and LED Adaptive .
07/28/2015 | Roadway Lighting WSDOTs journey on | ©ce" Exchange with Urban Transportof | oy g e
. . China; Beijing China
rethinking why we light
09/10/2015 Illumination Reform and LED Adaptive Arizona DOT Briefing, Webinar Ted Bailey, Ida van Schalkwyk and

Roadway Lighting WSDOTSs journey on

John Milton
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Date Topic Meeting/ Conference Speakers
rethinking why we light
[llumination Reform and LED Adaptive
10/19/2015 | Roadway Lighting WSDOTSs journey on Minnesota DOT Briefing, Webinar Ted Bailey
rethinking why we light
Statewide Roadway Lighting WSDOT Executive Leadership Team John Nisbet, John Milton and Ted
10/26/2015 . . .
Conversion and Removal briefing Bailey
E;g‘:;lasnzl:lzzzj;:’:fgglr I;esi N Standing Committee on Highway Traffic
09/03/2015 . g Safety - Subcommittee on Safety John Milton
and Risk-based vs. Standards-based
(SCOHTS-SM) Management
Approach
. Washington Traffic Safety Conference,
10/15/2015 | Data Integration SeaTac, WA Ida van Schalkwyk
Session 603: Making the Case for
. Investing in Information: Demonstrating
01/12/2016 | Data Value Mapping Value, Transportation Research Board Ida van Schalkwyk
Annual Meeting, Washington, D.C.
TRB ANB25 Highway Safety Performance
01/14/2016 WSDOT and lllumination — the journey | Committee Meeting, Transportation Ida van Schalkwyk

to discovery

Research Board Annual Meeting,
Washington, D.C.
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APPENDIX D: CALCULATING DUSK AND DAWN TIME

The calculations are based on the algorithms included in the NOAA excel spreadsheet

(http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html with notes:

http://aa.usno.navy.mil/data/docs/RS OneYear.php#notes ); and supplemented by code

provided by
http://alaska.usgs.gov/science/biology/spatial/archive/filter distributions/c

alc dar3.sas.

timezone=-8;

pi=4*atan(l);

degs=180/pi ;

rads=pi/180;

JulianDate=Ful IDate_+2436934.5;

JulianCentury=(JulianDate-2451545)/36525;
GeoMeanLongSunDeg=MOD (280 .46646+Jul1anCentury*(36000.76983 +
JulianCentury*0.0003032),360);
GeoMeanAnomSunDeg=357.52911+JulianCentury*(35999.05029 -
0.0001537*JulianCentury);

EccentEarthOrbit=0.016708634-
JulianCentury*(0.000042037+0.0000001267*JulianCentury);
SunEqofCtr=SIN(rads*GeoMeanAnomSunDeg)*(1.914602-
JulianCentury*(0.004817+0.000014*Jul ianCentury))+SIN(rads*2*GeoMeanAnomSunDeg
)*(0.019993-0.000101*JulianCentury)+SIN(rads*3*GeoMeanAnomSunDeg)*0.000289;
SunTrueLongDeg=GeoMeanLongSunDeg+SunEqofCtr;
SunTrueAnomDeg=GeoMeanAnomSunDeg+SunEqofCtr;
SunRadVectorAUs=(1.000001018*(1-
EccentEarthOrbit*EccentEarthOrbit))/(1+EccentEarthOrbit*COS((SunTrueAnomDeg)/
degs)):

SunAppLongDeg=SunTrueLongDeg-0.00569-0.00478*SIN(rads*(125.04-

1934 _136*JulianCentury)/degs);

MeanObligEclipticDeg=23 +(26+((21.448-

JulianCentury  *(46.815+JulianCentury*(0.00059-
JulianCentury*0.001813))))/60)/60;
ObligCorrDeg=MeanObliqgEclipticDeg+0.00256*C0OS((125.04-

1934 _136*JulianCentury)/degs);
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http://www.esrl.noaa.gov/gmd/grad/solcalc/calcdetails.html
http://aa.usno.navy.mil/data/docs/RS_OneYear.php#notes
http://alaska.usgs.gov/science/biology/spatial/archive/filter_distributions/calc_dar3.sas
http://alaska.usgs.gov/science/biology/spatial/archive/filter_distributions/calc_dar3.sas

SunRtAscenRads=(atan ((COS(RADS*ObligCorrDeg)*SIN(RADS*SunAppLongDeg))/
COS(RADS*SunAppLongDeg)));

SunRtAscenDeg=DEGS*SunRtAscenRads;

SunDecl inDeg=DEGS* (ArSIN(SIN(RADS*(ObligCorrDeg))*SIN(RADS*(SunAppLongDeg))));
VarY=TAN((ObligCorrDeg/2)/degs)*TAN((ObliqCorrDeg/2)/degs);
EqofTimeMin=4*DEGS*( VarY *SIN(2*RADS* GeoMeanLongSunDeg)-2* EccentEarthOrbit
*SIN(RADS* GeoMeanAnomSunDeg)+4* EccentEarthOrbit * VarY *SIN(RADS*
GeoMeanAnomSunDe@)*COS(2*RADS* GeoMeanLongSunDeg)-0.5* VarY * VarY
*SIN(4*RADS* GeoMeanlLongSunDeg)-1.25* EccentEarthOrbit * EccentEarthOrbit
*SIN(2*RADS* GeoMeanAnomSunDeQ));

SolarDepression=6;

HADawnDeg=degs*(ARCOS(COS(rads*(90 +
solardepression))/(COS(rads*Latitude)*COS(rads*SunDeclinDeg))-
TAN(rads*Latitude)*TAN(rads*SunDecl inDeg)));
DuskTimeLST=86400*(((720-4*Longitude-EqofTimeMin+timezone*60)/1440)*1440-
HADawnDeg*4)/1440;

DawnTimeLST=86400*(((720-4*Longitude-
EqofTimeMin+timezone*60)/1440)*1440+HADawnDeg*4)/1440;
DaylightSavingsind=dst;
DawnTimeDST=DuskTimeLST+DaylightSavingsInd*("01:00"t);
DuskTimeDST=DawnTimeLST+DaylightSavingsInd*("01:00"t);
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