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Reality is what we make of it.
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ABSTRACT

A driving simulator study of perceptual counterswas to speeding is
described. Perceptual countermeasures (PC) mataphka drivers’ visual scene to help
them moderate their driving speed without a conscideliberation to do so. The use of
synchronized warning lights in work zones as a ®Gimilar to airplane runway lights
flashing toward the diver. Based on the literatswevey, this effect was postulated to
make drivers think they were driving fast at lowahicular speeds with lesser speed
fluctuations. The effect did not achieve statidtgignificance in reducing mean speeds
within work zones to match the posted speed liditirequency domain analysis of
driving speed fluctuation within work zones demoaigtd that any form of flashing lights
can have a pronounced effect on some individual®peoed to static lights. The
ramifications of using such perceptual countermessuwhich are currently being

implemented around the world, are discussed.

Vi
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INTRODUCTION

The extensive network of highways in the Unitedt&tancluded more than 8.4
million lane miles of paved roads in the year 2{U%ansportation Statistics Annual
Report, 2007). This network continues to expand ragdires constant maintenance. An
area of a highway with construction, maintenanceutitity work activities is known as a
work zone. Work zones can cause traffic congestimhpose a significant threat to both
workers and motorists. In 2006, 1,010 fatalitied amer 40,000 injuries occurred within
designated work zones (The Nation Work Zone Infdiona Clearinghous®. The
Federal Highway Administration’s (FHWA) Office ofafety reports that 835 fatalities
occurred around work zones in the year 2007 and 4weut of every 5 fatalities were
motorists (US DOT — FHWA, 2009). Work zone crashés include a multitude of
rear-end collisions caused due to sudden brakicigences (Ullman et al., 2008b). In
their analysis of work zone crashes, Ullman etaatert that crash risks within a work
zone increased by 66% and 61% for day and nighttigspectively, relative to the risk
of crashes on open roadways. The scope of the gmoh$ fairly large, and the
occupational hazards of constructing and maintginidways are evidently exacerbated
by speeding motorists.

A report by the U.S. Department of Transportatio® (DOT), National Highway
Traffic Safety Administration (NHTSA) states the,040 fatalities, nearly one third of
all motor vehicle traffic fatalities in the U.S. the year 2007, were due to speeding-
related crashes (US DOT — NHTSA, 2009). The sanmorteprovides statistics
illustrating that approximately 13,000 speedingiedl fatalities have occurred each year
between 2002 and 2007. Speeding is clearly a faletdrcontributes to traffic accidents
and fatalities, and in a report to Congress in 2008TSA cited the top three critical
factors in roadway crashes as “inadequate suraedla(20.3%), “internal distraction”

(10.7%), and “[driving] too fast for conditions” .@®% ) from their analysis of
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approximately 5,100 crashes (US DOT — NHTSA, 20@8tistics explicitly correlating
work zones and speeding are not available. Howeliercase provided in Appendix A
provides evidence, and one can conjecture fromatheve arguments of speeding and
work zone incidents that a means for preventingdipg-related fatalities in work zones,
particularly in low-visibility conditions, is neceary. Rear-end collisions were also
surmised as significant traffic incidents in tleport by Ullman et al. (2008b). Abrupt
differential in the speed of the lead and followinghicles is clearly a major factor
contributing to rear-end collisions.

Cost-effective measures that help moderate drivspgeds as well as alert
motorists of special roadway conditions, particylamder low-visibility conditions, are
needed to make highways safer and more manageafile.this general aim, research
investigating countermeasures to speeding was otediu The specific aims of this
research were as follows. The first aim was to cehd thorough review of the literature
on work zone interventions and identify gaps inesgsh; this study is provided in the
background section. From the literature review elper of avenues for research were
identified; of these, “perceptual countermeasur@geared to be the most promising.
Perceptual countermeasures are means of regulitivigg speeds by manipulating the
visual scene to help motorists moderate their dg\speed without a conscious decision
to do so. Next, the thesis focuses on identifyinmeans of implementing perceptual
countermeasures in low-visibility conditions ussynchronized, flashing warning lights
or beacons to create a perception of waves ofelicbns moving toward the motorist.
The procedure describes limiting conditions undérctv specific edge rates can be
achieved as a function of the distance betweenesso®e beacons, time delay between
successively lit beacons, and the drivers’ speed.

A driving-simulator-based study was devised to w@s¢ther moving waves of lit
beacons created to achieve a particular edge ratee wignificantly effective in

moderating speeding compared to two different doos of lit beacons. The outcomes
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of the study did not yield a definitive conclusion evaluating the efficacy of
synchronized warning lights as a perceptual coomasure to moderate speeding
(reduce mean speeds to match with posted spedd)limi
The main contributions of this thesis include:
1. Elucidating theoretic foundations of perceptual rdeumeasures for
speeding in work zones using flashing beacons
2. Determining constraints and parameters that govéra use of
synchronized flashing beacons and their range sdipte values
3. Determining a method to calculate edge rates
4. Examining the effect of the devised countermeasurspeeding behavior
(mean speeds) within the work zone and possiblesecanf rear-end
collisions
5. Use of Fourier analysis to showcase an analysisniqae suitable for
driving research data
6. ldentification of possible drawbacks of using flehlights as a warning

or speeding countermeasure
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CHAPTER | BACKGROUND

Work zone safety issues

Innovations in work zone safety are needed to redbe number of incidences
and fatalities. These concerns parallel the goglhe® Midwestern Smart Work Zone
Development Initiative (SWZDI), which provided thmpetus and funding for reviewing
existing interventions and researching ways to owerwork zone safety through a pilot
study.

A number of interventions have been put into efteaegulate the path and speed
of traffic in work zones. Typical interventions lade increasing or decreasing buffer
zones, taper area, transition during lane dropangé of speed limit, distance of sign
boards, rumble strips or speed humps, flaggersumedof changeable message signs
(CMS) (US DOT - FHWA, 2007; Li and Bai, 2008). Emgal studies have examined
flaggers, photo enforcement, CMS and speed hungesTables 1 to 4 for a summary).
Other interventions such as length of taper, sigmegment, lighting devices, etc., are
usually implemented through experience and “engingejudgment” (US DOT -
FHWA, 2007 Sections 2C.02 and 6C.01, Bai and LQ90Testing and validating work
zone interventions is crucial because, if poorlplemented, they can potentially degrade
traffic flow and safety. The interventions implemed do not particularly target a type
of incident.

While there was a 17% decrease compared to tho2006, more than 1,000
work zone fatalities occurred each year betweer? 28080 2006 (National Work Zone
Safety Information Clearinghouse). Additionallyethotal number of injuries due to
motor vehicle crashes in work zones rose from 35j001996 to 41,000 in 2003 (US
DOT — FHWA, 2008), and over 40,000 injures occunredhe year 2007 (US DOT —
FHWA, 2009). While damage to property and equipniest work-zone-related accident

are significant, the focus of this thesis is on tiagard to humans within a work zone.
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From this perspective, the accidents were categriato two categories (Mohan and
Zech, 2005):

1. Motorist-related accidents — Work zone accidentsmhncursion into the
work zone or collision around the work zone by mists with a worker
and/or work zone feature results in injury or fliyabf workers and/or
motorists.

2. Occupational accidents — Work zone accidents wheweorker suffers
injury or fatality due to equipment, vehicle or @ommental factors
within the active work area.

The fact that 4 out of every 5 fatalities reporegdund work zones involves a
motorist (US DOT — FHWA, 2009) justifies emphasis regulating motorists’ driving
behavior in work zones. Though useful and necesgtgy variability in motorists’
driving behavior is difficult to counteract throughanning, education and training. Such
measures can be more tightly implemented with weoke workers to mitigate
occupational accidents.

Antonucci et al. (2005) provide recommendationsresucing collisions within
work zones. The report explains that greater chamgelocity during an impact such as
hitting a barricade (frontal collision) results gneater crash severity. It also argues that
aggressive driving behavior (sudden braking, rapitteleration and forced lane
changing) is a key contributor to rear-end collismhere sudden braking causes the
following vehicle to collide into the braking vekec While the report observed fewer
fatalities in rear-end collisions, the numbers oéls accidents were found to be much
greater in number than frontal accidents. It does however, provide specific data
enumerating the number and types of accidents.

Hence, the focus of this thesis is narrowed dowthédirst category of work zone
crashes — incidents involving motorists — with amphasis on moderating mean speed

and variation in speed. This moderation would keratterized by
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1. Lowered mean speeds within work zones reachingeclas the posted
speed limit
2. Reduced incidences of sudden increase and dedregseed
3. Slower changes in speed with lesser magnitude arigsdn
The following section reviews measures currentlyuge to regulate motorists’
driving behavior in work zones. Notable findingsarg selected empirical studies are

delineated to identify those that can successfullych the above expectations.

Work zones and work zone interventions

The Manual on Uniform Traffic Control Devices (MUDJ (US DOT — FHWA,
2007) by the Federal Highway Administration (FHWAYovides guidelines and
specifications to various transportation and highagencies. Section 6 of the MUTCD
describes temporary traffic control (TTC) measuwrescerning work zones and traffic
incidents. A highway work zone extends from thetfgign board or vehicle with strobe
lights to the last sign board marking the end efwork zone.

How motorists drive within this specific enclosuaed means of affecting their
behavior to ensure safety and optimize traffic flawth respect to the expectations
mentioned previously are reviewed. In general firat warned of special roadway
conditions using sign boards, i.e., they are gagvance warnings and directed out of the
path of the work zone. TTC devices such as conesnsl and barriers are set up to
demarcate the work zone and guide traffic aroundrables 1 through 4 enumerate
typical work zone interventions currently in useheTtables compare the intended
function of different interventions. These funcsoare grouped into four categories —
speed regulation, path diversion, work zone illletion and general regulatory
measures. In each of these tables, interventiaiscdn be studied in driving simulators

and that have received insufficient attention lsesechers are highlighted in bold text.
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Speed regulation

The objective of these measures is to inform mstemf the posted speed limit
and/or influence the choice of driving speed. Theraach can be direct or indirect.
Here, distinction between the two is based on teell of conscious effort the
intervention elicits from motorists in changingithdriving behavior.

Under direct countermeasures, changeable messgye (§MS), also known as
variable message signs (VMS), see popular use.eTaeselectronic boards with a grid
of light bulbs or light-emitting diodes that carspliay a variety of symbolic and textual
messages. These have the notable advantage of ipeiegvisible during poor lighting
conditions and can be made to flash to attract matiention. Like static message signs,
their primary objective is to warn motorists of iemgling roadway conditions and
provide speed advisory. A CMS-related techniquéhes use of radar that gauges an
oncoming vehicle’s speed and displays a warningsaws on a CMS, such as “Your
speed is XX mph — Slow down now” if the vehiclgnaveling notably above the posted
speed limit. This technique has been studied eixtelys(see Table 1 for summary) and
has been shown to have a significant effect onrdyibehavior. While CNS are typically
portable and can be transported to a temporary &onke, they are more expensive than
static signs. Another CMS-related technique isaldé speed limit (VSL). Depending on
weather, daytime/nighttime and traffic conditiorscertained by operators or sensors,
different networked CMS upstream from the work zare activated to display a
particular speed limit. This system has been regotd have a statistically significant
effect on speeding behavior (Riffkin et al., 2008¢chigan DOT, 2003).

Another direct way of enforcing speed regulatiothis use of temporary rumble
strips. Empirical studies that have examined tleeaisumble strip (Meyer, 2003; Meyer,
2005; Noel et al., 1989) observed mixed outcomesegulating speeding behavior and
noted that constructing continuous sections of fendtrips is cost prohibitive. Other

direct and more effective means include the usendbrmed law enforcement officials
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and/or vehicles and use of photo-enforcement oédpenits. However, these methods
are costly and can add to the financial burderoastructing and maintaining roadways.
An alternative and indirect approach is the useeafceptual countermeasures,
which is argued to be more cost effective than ube of additional enforcement or
rumble strips. Perceptual countermeasures are hwaosive means of reducing driving
speeds by manipulating the visual environment tlude a perception of higher driving
speeds. These typically involve the use of pavenmeatkings such as chevrons or
horizontal bars that transverse the direction affit. Recent empirical studies within the
U.S. (Katz, 2004; Voigt and Kuchangi, 2008) withrgeptual countermeasures using
pavement markings have shown effectiveness in atiggl speed but have recommended
that further investigations into their usability beade. These studies also allude to a
“calming effect,” indicated by lesser variation griving speeds. Another method
demonstrated by Vercuryssen et al. (1995) in a Isitoibased study was a perceptual
countermeasure using synchronously lit flashingcbea that had statistically significant

effect on regulating driving speeds within the wadke.

Path diversion

The objective of these measures is to demarcatentit& zone and prevent
incursions into the work area by motorists. Closlages or an entire road section
naturally lowers traffic throughput and increases¢l time. This has adverse effects on
people’s sentiments as well as economic reperausdior individuals and businesses
(US DOT — FHWA, 2008). This measure is, howevegessary so that work can be
carried out and workers can be safe from oncomiaffid. Typically, when lanes are
closed, permanent pavement markings and signagereptaced or modified with
temporary ones. Ullman et al. (2008a) noted thasicterable care needs to be taken so
that motorists can clearly comprehend new markiagd signage to negotiate safely

through the work zone.
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Table 1 — Interventions concerning speed regulation

Intervention Description Empirical Studies

Changeable message signs Message boards with light bulbs or light-emitting Brewer et al. (2006),
(CMS) diodes (LED) post warning messages such as lane Benekohal et al. (1992)
closures, speed limit, fines for speeding, etcoAls

known as variable message signs (VMS).

Vehicle-triggered CMS Speeding vehicle triggersSCequipped with radar  Pesti and McCoy (2007), Wang
that shows specific warnings such as “You are et al. (2007), Brewer et al.
speeding” or “Slow down now” or current speed (2006), Fontaine et al. (2000),

against posted speed limit. The CMS may be placed Garber and Patel (1994, 1995)
a mobile trailer.

Variable Speed limit (VSL) The normal posted maximspeed limit is typically  Riffkin et al., (2008), Michigan
reduced by 10 mph around work zones. Based on wdplOT (2003)
zone conditions, posted speed limits are changed
dynamically using a CMS.

Presence of uniformed law Uniformed law enforcement officials provide Medina et al. (2009), Kamyab
enforcement officials assistance in regulating traffic, and their presenc et al. (2003), Noel et al. (1987)
and/or police vehicle heightens motorists’ alertness.

Photo-enforcement An automated system that tapb®t of a vehicle Medina, Juan C. et al. (2009)

that violates traffic rules such as speeding, mgni
through red lights or stop signs, etc.

Flaggers Highway workers by the work zone who ditexdfic Garber and Woo (1990), Noel
using hand-signaling devices such as paddlesslight et al. (1987)
and flags.
Rumble strips Temporary rumble strips can be peheritical zones Meyer, E. (2003; 2005),
to lower speed. Fontaine et al. (2000), Noel et
al. (1989)
Perceptual Pavement markings used to give a perception of  Katz (2004), Voigt and
countermeasures driving at higher speeds while approaching a Kuchangi, (2008)

critical area, which causes motorists to decelerate

Synchronized flashing warning lights used to Vercuryssen et al. (1995)
generate a wave of lights moving toward or away

from the driver, generating a perception of driving

at a higher or lower speed.

Radar drone A drone that emits a radio frequenayttiggers Fontaine et al. (2000)
commercially available radar detectors, giving
motorists the impression that police enforcemeitt is
effect in the work zone.

Note: Interventions that can be studied in driveirgulators and/or that have received
insufficient attention by researchers are highkghin bold text.
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A related concern is pavement marking design. Relkea this area has primarily
focused on improving their visibility (Ullman et. aP008) so that appropriate open lanes
are utilized by motorists. A few studies have agamined their influence on speeding
behavior (Schnell, 2007; Lessner, 2005) and haperted nominal or not statistically
significant effects.

Different strategies in implementing path diversiorsuch as dynamically
changing the distance before the work zone wheffidcrmoving toward closed lanes
merges into open lanes, can improve traffic manaifigain work zones. This system is
called the dynamic late merge system (DLMS). Studie the Minnesota DOT (2004)
and Scriba and Luttrell (2004) have argued thefeativeness in improving traffic
manageability, while studies like that carried oytBeacher et al. (2004) have found
their effectiveness to be limited. Related to taotvance” in time or distance given to
motorists to merge into open lanes is the desigtapér sections, which has not been
studied rigorously. Taper design is typically inmpented by using the MUTCD;Section
6C.08 provides two tables for determining taperigiesTable 6C-3, "Taper Length
Criteria for Temporary Traffic Control Zones,” an@lable 6C-4, "Formulas for
Determining Taper Lengths." A discussion on howséhéables were devised is not
provided in the MUTCD.

Positive separation of the work zones using chamgpelevices such as barriers is
necessary to prevent incursions into the work zdine effect of different channeling
devices on motorists’ behavior is an area that sidedher investigation. For instance,
Garber and Woo (1990) noted decreased effectiverfeddferent TTC devices if they
were used in combination with barricades. Anotlogrcern studied by Bligh et al. (1998)
is the consequence of impact with a TTC device,safiety features must be incorporated
into them to minimize risk and damage to motorists.

A work zone design feature and a possible meadgwfing a countermeasure is

the combination of TTC devices and lateral buffistathce. Lateral distance between the
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traffic stream and the active work zone may aftieter behavior. Motorists may drive
closer or shy away from the TTC devices and drastdr or slower depending on their
perception of how permeable the arrangement off@ devices is and how close the
work zone activities appear to be. A greater posiatd research on controlling traffic in
the traverse direction of the road has begun wghcontention of early versus late merge
strategy (see “Transition strategy” in Table 2)eTénd objective in the use of either
strategy is to alleviate conflicts between vehidlest arise while transitioning to open
lanes from ones that are about to end due to thrk nane. Late merge strategy (LMS)
uses signals at the merge point allowing vehictesitipned in open lanes and in closed
lanes to stop and move alternately. Early mergetesyy (EMS) uses greater leeway in
transitioning by increasing the taper section witlessage boards indicating that
motorists should settle into the open lane longteethe last merge point. The contention
of which strategy is optimal (making maximum usdamfe capacity versus safety issues)
remains to be solved and is worth investigating.

Considerable research concerning path regulatiomgaihe direction of the road
(headway distance) is available in cruise conitetdture, and the study of car following
behavior has contributed to the development of mouoee driver models and traffic
simulation models (Kim et al., 2007). Traffic sgfatampaigns have also advocated
norms such as the “two-second rule.” However, mete@n car-following behavior
specifically within work zones needs further invgation. Whether motorists should
adopt a greater factor of safety and increase tteadway is an important question that

needs to be addressed.

Work zone illumination
The objective of these measures is to make workgaapproach areas and work

zone elements more visible and conspicuous to dirivers can thus anticipate events
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and can use appropriate judgment while driving uglothe work zone, particularly in

nighttime and low-visibility conditions.

Table 2 — Interventions concerning path regulation

Intervention

Road closures, lane

Description

Traffic is diverted away from the work zone. Thipitally

closure and narrowing involves lane closures and/or narrowing of lanegir& roads

lanes

Disambiguation

may be closed if necessary.

Typically permanent signs and pavement markingseam@ved

between permanent andaround work zones and new temporary ones are pBetter

temporary signs and
pavement markings

Design of pavement
markings

Length of taper at
transition and
termination area

Transition strategy

Channelizing devices

Design of lateral
buffer zone

Headway control

alignment of markings with open roadways improveges’
ability to identify open paths.

Geometric design modifications to conventional paset
markings improve recognition, warn motorists and/or
perceptually affect motorists’ driving behavior.

Transition area precedes the work zone where trafi moves
out of the closed lanes and the termination arealalws
traffic to move into the normal roadway. The taper
facilitates merging into common road space.

Strategy implemented for adjusing the distance before the
beginning of the work zone where traffic merges imr out of
a lane to accommodate lane closure.

Channelizing devices includ®ces, drums, barricades, etc.
that demarcate the work zone and separate the traff from
the work area.

Lateral distance between the traffic stream and thactive
work zone.

Advocating a particular headway orcar-following behavior
within the work zone.

Shadow or pilot vehicle A vehicle equipped with apgiate light and warning signs

that trails close to mobile and constantly movipgmtions
such as pothole repair, striping, etc.

Empirical Studies

Chitturi et al. (2008),
FHWA Report No FHWA-
OP-04-009 (2003)

Ullman et al. (2008a)

Voigt and Kuchangi, (2008),
Ullman et al. (2008a),
Zwahlen and Schnell
(2007), Lessner (2005)

Minnesota DOT (2004),
Scriba and Luttrell (2004),
Beacher et al. (2004)

Fontaine et al. (2000), Bligh
et al. (1998), Ross et al.
(1993), Garber and Woo
(1990)

Note: Interventions that can be studied in driveiqulators and/or that have

received

insufficient

attention by

researchers dngghlighted

in bold text.

NCHRP Report No. 627 by Ullman et al. (2008b) peiatt that the increased

risk of crashes within work zones relative to opeadway during nighttime is not greater

than the increased risk in daytime. The increasedhcrisk in daytime is largely
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attributed to the fact that there is a much higledume of traffic compared to nighttime.

From this, one can intuitively discern that evetiMowered traffic volume the increased
crash risk associated with traveling through a warke at nighttime is similar to that of
daytime. The study also found within the NYSDOT ident data that worker-involved

traffic crashes (not necessarily meaning that akerowas struck by a vehicle) in

nighttime work zones were significantly more seviian those that occurred in daytime.
Concurrently, Section 6G.20 of the MUTCD assertt thbecause traffic volumes are
lower and congestion is minimized, [driving] speeds often higher at night. [And], the

incidence of impaired (alcohol or drugs), fatigued drowsy drivers might be higher at
night.” The combined effect of higher driving speethd lower visibilities at night would

be expected to increase the risk of traffic inctdefdelping motorists use appropriate
discretion to safely navigate through a work zoheighttime requires an emphasis on
improving work zone visibility.

To this effect, notable research on illuminatiogf]activity and fluorescence by
Zwahlen and Schnell (1997) provides recommendatonsnproving pavement marking
reflectivity, visibility of objects under illuminan by vehicle headlights, general
illumination of roadway under static overhead light visibility of different colored
objects (e.g., roadway signs) and legibility of &gis and text on roadway signs. Table 1
provides additional sources of literature amongchviihe general consensus is that

1. Flashing lights increase conspicuity, but their usest be restricted to
vital areas and to communicate specific danger siscthe possibility of
hitting a human.

2. White, amber and especially yellow-green colorraost distinctly visible
to the human eye.

3. Retroreflective material (tape and sheeting) impsogonspicuity and has
the added benefit of being less costly becausenliagces luminance

without requiring a power source for generatingnilnation like strobes
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or beacons. Hence, retroreflective material is vasgful in making
worker apparel, TTC devices and roadway signs ankighlighting the
edges of construction vehicles and equipment.

Although research on adequacy of work zone illutnomatypically requires field
experiments and advanced photometry equipmentcanaise a model-based approach
and objectively quantify work zone conspicuity givdifferent illumination conditions
and luminance countermeasures as proposed by Adttah (2006) and Barton et al.
(2002). These computational tools promise a validams to evaluate changes
implemented in work zones that are aimed at imp@wisibility and conspicuity.
Additionally, improved driving simulators with adweed rendering capabilities can be

used to study various lighting conditions withinnwaones.

Table 3 — Interventions concerning illumination

Intervention Description Empirical Studies
General work zone General work zone conspicuity during day and Uliman et al. (2008b),
illumination nighttime Aktan et al. (2006), Barton
et al. (2002)

Steady burn or flashing Warning lights or beacons draw additional Gibbons et al. (2008),
warning lights or attention to critical areas, warning signs and  Finley et. al (2001)
beacons channelizing devices. They are used under

steady burn or flashing mode.
Retroreflectivity and Materials and colors that make road signs, Fontaine et al. (2000),
fluorescence equipment, vehicles, TTC devices and clothingZwahlen and Schnell

worn by highway workers highly reflective (1997)
and/or contrasting from the surroundings, hence
making them more conspicuous.

Note: Interventions that can be studied in driveirgulators and/or that have received
insufficient attention by researchers are highkghin bold text.

General regulatory measures
The objective of these measures is to provide systeegulations and guidance

to improve overall work zone management and saféigse measures can reach beyond
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the active work zone and aim to affect societyeneggal to instill a safety culture among
drivers. A number of states have adopted a pull@Er@ness and education campaign to
achieve this (The National Work Zone Safety Infotio Clearinghous®. Whether
these campaigns must have a “shock and awe” or gagmetic’ or some other
component and their possible efficacy is discussedrylan et al. (2006), who address
theoretical human factors issues of speed mitigatiadhe United Kingdom.

Careful and adequate planning of work zones ant theation of activity is
necessary. Guidelines such as NCHRP Report Nosabd&00 recommend the need to
decrease motorists’ exposure to work zones by @sger time to completion component
apart from financial cost in selecting contractdusing bidding processes for the work.
Apart from these, the MUTCD provides great conttitis in asserting standardization
of work zone regulation. A number of differencessexn the type of technology and
enforcement used across states, which can be yaagfeibuted to differences in funds
available. However, maintaining consistency amowgkvwzone elements is necessary to
enhance their recognition among motorists, esggcialick drivers, who typically
commute across state lines. For instance, thefuséoomation technology systems (ITS)
and fines are more vigorous in some states thasthars. Huebschman et al. (2003)
provide a detailed discussion of ITS used in vaistates and in selected European
countries to evaluate their efficacy. They statd thore carefully planned use of ITS is
needed to derive benefits that offset their steepets. Another important concern is the
placement of warning signs, their legibility andrmgmehension. Benekohal et al. (1995)
found through a survey that truck drivers prefertieat warning signs be placed 3 to 5
miles in advance of the work zone. The distancthefsignage from the work zone as a
control variable has not been examined rigorousignethough implementation of
techniques like VSL requires networked CMS thatdrieebe placed at various distances
upstream from the work zone. Various studies oibigy and comprehension (Ullman

et al., 2005; Dudek and Ullman, 2002; Durkop andi&ky 2001) assert that static (not
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flashing) short messages in bold characters aibléegnd more quickly recognized at
greater distances under different lighting condgio This can afford better
comprehension. Also, the use of symbols and graphiay improve comprehension,

particularly among non-native English speakers (Yvetral., 2007).

Table 4 — General regulatory interventions

Intervention Description Empirical Studies

Public awareness and education Promotional campaiigned at The National Work Zone Safety
building a safety culture among Information Clearinghouse
commuters. Fylan et al. (2006)

Work zone planning and worker Guidelines for planning project Washington et al. (2006), Antonucci

training duration and traffic control plans as et al. (2005)

well as worker training provide
systemic regulation of safety and
traffic throughput around work zones.

Information Technology Use of sensors, relays, Ch8io Huebschman et al. (2003)
stations, etc. to inform motorists of
impending roadway conditions.

Fines Fine for moving vehicle violations Huebschman et al. (2003)
within work zones typically double,
and hitting a worker also entails
imprisonment.

Advanced warnings Static sign boards or CMS inform  Benekohal et al.
motorists of what to expect ahead  (1995), Huebschman et al. (2003)
in distance and/or time. The
distance of the signage from the
work zone and the date/time
mentioned on the signage is a
control variable.

Verbiage and symbolism used on sighhe wording and symbols used on Wang et al. (2007), Uliman et al.
boards and their design signboards must convey the (2005),

appropriate message. The sign boargs,qek and Ullman (2002), Durkop

must be visible and legible in a and Dudek (2001), US DOT - FHWA
variety of lighting and weather (1996)

conditions.

Note: Interventions that can be studied in drivéirgulators and/or that have received
insufficient attention by researchers are highkghin bold text.

Gaps in empirical research

Extensive data is available within the work zorterture on decreasing mean

speeds, design of signs, CMS, vehicle-triggered Chpt®to enforcement, pavement
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marking visibility and use of retroreflectivity anfuorescence. Fitzsimmons et al.
(2009), Li and Bai (2008), Brewer et al. (2006),témucci et al. (2005), Huebscman et
al. (2003), Fontaine et al. (2000) and Benekohal.ef1992) are recommended readings
for reviews of work zone interventions. Notableaaréhat need further investigation are:

* Managing variability in driving speeds

» Car-following behavior within work zones

» Taper design and its effect on traffic regulation

» Effect of distance of signs from the work zone eividg behavior and

driver attentiveness
» Effect of different TTC devices and their combioas on driving
behavior
» Effect of lateral buffer distance
» Perceptual countermeasures
Areas that have been investigated but come up mided results or have cost-
related concerns are the use of rumble stripshifigslights, conducting work zone
activities during nighttime versus daytime, latergeeversus early merge, dynamic late
merge, additional police enforcement and effectgsnof fines. A greater push toward
empirical studies on safety and traffic manageghiising these interventions is needed.
The literature survey indicates that research ie #wrea of perceptual

countermeasures is gaining prominence. Comparedther gaps identified in the
literature survey, perceptual countermeasuresrfetfél the requirements of devising a
cost-effective measure that helps moderate drigipgeds and, potentially, headways.
They can also help alert motorists of special raagdweonditions, particularly under low-
visibility conditions, if implemented with flashingeacons. Driving and visual perception
are invariably interconnected. Perceptual countesumees offer a novel means of
exploiting this relationship and allowing the magbito choose a suitable driving speed

without direct assertion to moderate speeds frothaailies. Its most promising virtue is
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in its ability to affect the driver at a perceptlavel to moderate attitudes rather than
enforcing a penalty such as encountering discondeer speed humps, which is less
likely to affect one’s driving attitude. This thetically inclined question of affecting

driving attitudes versus situated speed mitigatsoanother key reason for concentrating
on perceptual countermeasures. The following seatwiews literature on perceptual

countermeasures.

Perceptual countermeasures

Perceptual countermeasures are non-obtrusive nodamsiucing driving speeds
by manipulating the visual environment to indugeeaception of higher driving speeds.
The driver thus achieves a notion of driving atamfortable and safe driving speed” at
a lower vehicular speed. The technique typicalisolnes use of pavement markings such
as chevrons, traverse lines, herringbone pattetospainted perpendicular to the path of
traffic. In the late 1960s the technique was stidiad promoted by Denton (1971 and
1980). In Denton’s study, traverse lines markeelxgionentially decreasing distances at a
busy roundabout in Great Britain produced notablductions in the average speed of
drivers. More recently these measures have beerinputuse on roadways in other
countries such as Japan, Canada, South Africaellseand Australia (Griffin and
Reinhardt, 1996). They have been studied extensivetlriving simulators by Godley
(1999) in New South Wales, Australia. In the Unigdtes, studies have been carried out
with chevron pavement markings in Kansas (MeyerQ020 Virginia (Katz, 2006),
Wisconsin (Darkopoulos and Vergou, 2003), and Té¥asgt and Kuchangi, 2008) on
freeways with evidence of significant speed reductnd of long-term speed reductions.
A report by MassSAFE at the University of Massaeltissreviewed implementation of
perceptual countermeasures in the U.S. and asbattés a simple and effective device,

passive speed control measures can be a valuabl®tamproving traffic safety.”
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A more recent simulator-based study conducted bgsdaand Hancock (2007)
involved painting tunnel walls with varying widtled black and white vertical stripes.
Their findings suggest that “drivers exposed tdsaal pattern that gradually decreased
in width responded by gradually decreasing vehgpeed throughout the tunnel.”
Equally spaced thin black stripes on a white wallrtbt produce notable effects, and thin
to wide black stripes on a white wall seemed talpoe gradually increasing speeds.

While perceptual countermeasures with pavement inggkachieve most of the
requirements discussed earlier, their particulartsbming has been their lesser degree
of effectiveness during nighttime and low-visihjliconditions (Griffin and Reinhardt,
1996; Katz, 2006). Additionally, pavement markirege not well suited to long-term
work zones where they would become worn out artg dird require refurbishing. Finley
et al. (2001) conducted a study using flashing wariights placed on a test track and on
a roadway in Texas that addressed the issue difilitigi Their main purpose, however,
was to study lane-merging behavior of motoriststhim study, the tapered approach to a
work zone termed as a transition area had drum$& wiarning lights’ flashes
synchronized to produce a wavelike motion. Thisaiso known as the Phi effect
(Steinman et al., 2000). They found that when thentermeasure was implemented at a
particular site in Texas, motorists, particulamyck drivers, chose to merge out of the
closed lane further upstream. This behavior impdavaffic flow, and the authors argue
that it could enhance safety. The authors alsoriags® since motorists did not exhibit
erratic driving behavior, the flashing lights didtrappear to confuse or surprise the
motorists. They did, however, raise concerns abimitpossibility of triggering epileptic
seizures due to flashing lights. Photosensitivéeppy is a form of epilepsy in which the
patient goes into a seizure triggered by visuahwiisuch as flickering or flashing lights.
“Flashing lights most likely to trigger seizuresdretween the frequency of 5 to 30
flashes per second” (epilepsyfoundation.org). Addally, Section 508 of the U.S.

Rehabilitation Act of 1973 directs that web andiwafe content shall “not use flashing
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or blinking text, objects, or other elements havanfiash or blink frequency greater than
2 Hz and lower than 55 Hz.” Keeping in mind theseithtions, synchronized warning
lights can prove effective in moderating drivingeeds even in low-visibility conditions.
While these studies show substantial evidence tatelates perceptual
countermeasures and reduction in driving speedeflsaw crash rate, their aim was not to
evaluate the theoretical basis of how such anvatgion can work to achieve these
effects. Also, it is argued that similar to speaghs, the effect of pavement markings
such as chevrons or traverse bars is to merely davers to slow down rather than to
induce a perception of driving at higher speedsffiGrand Reinhardt, 1996; Godley et

al., 1999). These are two important issues exanmiméus thesis.

Underlying theory of perceptual countermeasures

Theoretically, pavement markings like traverse Isrsuld increase the number
of edges or discontinuities crossing an obserfeld of view per unit of time, thereby
increasing edge rate, which is dependent on sutiadere and is a constituent of the
optical flow field (Gibson, 1950). The other constint of optical flow field is global
flow rate, which is defined as the observer's gobwpeed divided by the observer's
altitude (Larish and Flach, 1990). Global flow raepends on the observer’s eye level
above ground and is independent of surface textiésle correlation between eye-
height (global flow rate) and driving speed is #igant and observed to be linear
(Rudin-Brown, 2006), research by Owens (1982) aratish and Flach (1990)
demonstrated that edge rate plays a more prominknin perception of self-motion and
speed than global flow rate. Hence, this study $esuon a method to manipulate the
edge rate in a perceptual countermeasure with pgkeifec intent of improving traffic
safety around work zones.

Larish and Flach (1990) conducted a study simoathbse conducted by Owen

(1982) to compare and contrast global flow rate edige rate. In the first experiment of
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the study, they varied the edge rate (values @5,0.3, 0.6 and 1.0 edges per second)
along with the global flow rate (values 0.5, 142and 8 eye heights per second) using a
factorial design to study the effect on perceivpeesl measured through subjective
ratings. Their paper as well as Owen’s (1982) db ctearly indicate how and why
particular values of edge rate were chosen. Howeyaish and Flach did demonstrate
that, for any particular global flow rate, perceptiof speed was notably higher for edge
rates of 0.6 and 1.0 edge per second. This wasefuelvident in a subsequent experiment
presented in the same paper that included an extgeof 1.5 edges per second. This
thesis therefore advocates the use of 1.0 to IgBsefder second in devising perceptual
countermeasures. Another important inference frowirtstudy was that edge rate
information is available from generalized patteafsdiscontinuities rather than simple
salience of edges. Since edge rate is dependethieotexture of the visual field, an
experimental setup to manipulate it must maniputlagegeometric construct of what is
visible to an observer in motion. While their styatpvides important inferences, it does
not shed light on how to achieve a particular edge while devising perceptual
countermeasures.

An approach to understanding perceptual countenmessind the use of flashing
warning lights to manipulate edge rate was dematestrusing a driving simulator by
Vercuryssen et al. (1995). Their study involvechgsivarning lights placed on drums lit
in a sequential manner to generate an illusion ofoaing wave of lit warning lights.
Their supposition was that motorists subconscioaghchronize their behavior with the
movement of the lights. Their findings supportedithypotheses that drivers would
slow down when the wave of lights was moving tow#drdm and that drivers would
speed up or chase the wave when it was moving &weaythem. The authors observed
that stationary lights had little or no effect onvihg behavior. This technique was not

investigated on a test track or in the field, ahd &uthors did not provide a concrete
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discussion on how the technique works. Howevely tbe did not provide an adequate
explanation about the process of deciding uponaahieving a particular edge rate.

The use of perceptual countermeasures for traffgulation has been gaining
precedence, and field studies are active acroswdhie and also in parts of the United
States. Within the available literature there hasnba major focus on observational field
studies aimed at finding a correlation betweeni@aer perceptual countermeasures such
as pavement markings and drivers’ mean speed liedugsually between a single data
collection sites before and after the work zoneeskh studies do show a strong
correlation between the two. However, these studigs even experimental studies like
the ones by Manser and Hancock (2007) and Vercemyst al. (1995) have not
identified design parameters for manipulating eddges. The following sections identify
and describe parameters that can be experimentailyolled in a simulated environment
to devise a perceptual countermeasure with syn@ednwarning lights. The terms
warning lightsandbeaconsare used interchangeably in the following sections

In equations derived by Owen (1982), patterns libaied like agricultural fields
seen from a moving aerial vantage point were u$éd. patterns were displayed on a
computer screen. Edge rate increased or decreasgly s a function of a “checkered”
pattern’s motion with respect to the ground sinloe dbservers were motionless with
respect to the ground. However, in the case oflsymized warning lights, the challenge
is in consolidating relative motion of both the wawof moving lights and the observer
with respect to the ground. Edge rate in the cdsgywchronized warning lights was
taken as a function of relative motion of the olseemith respect to the wave of lights.
Thus, the edge rat&) was defined as a function of distance betweemtiming lights
(x), delay between lighting up of successive wardiglts ¢) and the driver’'s velocity
(V2) with respect to the wave of lights.

i. Apparent motion and velocity of waves of lit wamitights /1), which is

dependent on:
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a. Flash rate of warning light$)(
b. Delay between lighting up of successive warningtigt)
c. Distance between the warning light3 (
ii. Observer’s velocity\(2)
These parameters are bound by practical limitateotsby federal regulations on
traffic management. The above parameter and thelittmms governing them are
discussed in the following sections and summarigedrable 5 at the end of the

discussion.

Determining valid values of flash rate — f

The flash rate must be kept below 2 Hz to prevéet ftashing lights from
triggering epileptic seizures. Additionally, the NIGD specifies undeBection 4K.01
that flashing warning lights or beacons must havash rate of 50 to 60 cycles per
minute. This implies that a rate of 0.8333 to lleyger second or 1.2 to 1 seconds per
cycle is applicable. The beacons’ on and off doreticonstitute a cycle and can be any
fraction that adds up to a value between the 1dRlasecond interval. For simplicity the
on and off durations may be kept equal. For in&aifche flash rate is set as 1 second

per cycle, the on and off durations would be 500=ah.

Apparent motion of lit beacons
With respect to the ground, velocity of the wavempehds on the distance
between successive beacons and the delay betweesssive lighting of beacons. If the
delay ist seconds and distance between two beacomsneters, a lit beacon would
“move” at the rate:

v =x/t meters/second .. (1)
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Determining valid values of distance — x
Section 6C.08 (also, section 6F.58) of FHWA — MUTGPpecifies that the
spacing between channeling devices should not dxaalistance in meters (feet) of 0.2
times the speed limit in km/h (1.0 times the spkdt in mph) at the tapering section
and a distance in meters (feet) of 0.4 times tlree=dpimit in km/h (2.0 times the speed

limit in mph) at the tangent section, also calleel transition area.

Direction of apparent motLon

O .0 O .0

—> —>

Attimet;,=0s Attime b=ts

v =x/(h —t) =x/t m/s ..(

Figure 1 — Apparent motion of lit beacons

The design of the taper is determined by Tables3&iwd 6C-4 of FHWA —
MUTCD. The first table distinguishes types of tapbased on their use, and the second
table prescribes taper design as a function okepaogbeed limit.

On a typical four-lane highway with a median in lwhe posted speed limit is
105 km/h (65 mph)Section 6C.0lof the FHWA — MUTCD directs that “TTC plan
should be designed so that vehicles can reasosabdyy travel through the TTC zone
with a speed limit reduction of no more than 16 k0 mph).” The speed limit around
a work zone should therefore be 90 km/h (55 mplme distancex between drums
(warning lights) should therefore not exceed 21leamse(55 feet) at the taper zone and 36

meters (110 feet) at the tangent section.
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Determining valid values of time delay —t

Time delay {) is the time interval between the lighting up atsessive beacons
in seconds. It can be any vale less than or eguidet on durationfg,) of the flash rate.
To give a smother transition between successivelpdacons, time delayt)(can be
slightly less than the on duration. This also causegroup of lit beacons to appear as
moving rather than a single one. A small positiatie, sayc seconds, can be subtracted
from the on duration to obtain the time detayThe value ofc and its significance in
producing the perception of moving lights is a psyoetric exploration for further
studies.

t =fon - C seconds ... (2a)

Groups of moving lit beacons can also be createtitoyng on a set of beacons at
once instead of a single beacon aftgrseconds. In this case the factowould not be
required and Equation 2 could also be taken as:

t =fon seconds ... (2b)

Calculating relative velocity — ¥
Consider that the waves’ velocity is; \given by Equation 1, and that the
observer’s velocity is ¥ and that both move along the same line. The welatelocity
VR can then be defined under two cases:
1. Case A
Observer and wave of lit beacons move toward etiedr @along the same line
of motion, and the wave’s direction of motion ikda as positive.
Vg =V1-(-Vo) = V1 + Vo, meters/second .. (3)
2. CaseB
Observer and wave of lit beacons move along theedama with the waves
moving away from the driver, and the wave’s directof motion is taken as

positive.
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Vg = V1 - V2 meters/second .. (4)
For Case A,by substituting Equation 1 in Equation 3, we get:

Vg = (X/t) + V2 meters/second .. (5)
Similarly, for Case B

Vg = (X/t) - Vo, meters/second ... (6)

Calculating edge rate — E
As stated earlier, edge rate depends on the tefdiseontinuities) of the visual
scene. Discontinuities are generated by dimmeddmsabetween lit beacons. Sets of
dimmed and lit beacons together constitute a wiaeethe number of beacons in a wave
beN. Then its wave length_{ as illustrated by Figure 2 is:
L = N*x where, N > 2 and Ne N .. (7)
It is advocated that larger gaps between succebslveacons be used, as it gives
a more prominent impression of moving lights aneésloot appear to be flickering,
closely spaced bright and dark bulbs (see Figuom hext page) that can potentially
cause epileptic seizures among sensitive obseridditionally, a generalized pattern of
discontinuities provides greater information on edgte to an observer (Larish and
Flach, 1990). This generalized pattern is bett@iexed by lighting up sets of beacons,
each after a time delay)( How many beacons ought to be in a wave is aestlpr
future study because excessively large gaps casedhe Pi effect to break down. The
edge rate §) or number of waves (discontinuities) seen by dhserver per second
depends on his or her velocity with respect tothge and is given as:
E = Vr/L = VRr/(NX) ... (8)
By using Equations 5 in Equation 8 f0ase A,we get:
Ea = (N*) ™ (x/t + V) = N™*(t ™ + V*x ... (9)
Similarly, by using Equation 6 in Equation 8 fdase B,we get:
Eg = Nt ™ - Vo*x™) ... (10)
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Possible values dE are described by the volume obtained by varyirigesfor
X, t andV, in Equations 9 and 10. Figures 3 and 4 illustrate volume from multiple
view points by using the bounded values determigedier and dividing them into 35
equal increments:
1. x¢g[1, 36] meters
2. t="1y,€[0.1, 0.6] seconds
3. V2¢€[30, 70] miles/hour Or, ¥e [13.41, 31.29] meters/second

<

OO 00000000 O0O0
a) Waves of lit warning lights with single gap |ﬁ

N
OOOOOQOOOOOO

b) Waves of lit warning lights with larger gaps

Figure 2 — Number of beacons in a wave and its iewgth

Note: In Figure 2a) and 2b) N equals one and sbpectively. L — wave length, x — inter
beacon distance.

In Figures 3 and 4 the minimum and maximum valdesdge rateE that can be
achieved unde€ase A (0.34 and 6.88 edges/s) a@dse B(-4.94 and 1.60 edges/s),
respectively, are plotted as isosurfaces with CGe@fes/second increments from the
respective minima. Graphs 1-6 in both figures atated viewpoints of the isosurfaces
about the vertical axis through the center of ttaply box.

Figure 5 illustrates possible edge rates by fixdniger speed/, at approximately

55 mph (24.59 m/s). Figure 5 shows that most pamm®mbinations in botRase A
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and Case Byield an edge rate between 0 and 1.5 edges/semotidn the positive
directional sense, i.e., waves of lit beacons npaward the driver.

Figures 4 and 5 expose a significant caveat ingusymchronized flashing lights
underCase B The negative values of edge rate in those twardig) forCase Bimply
that waves of lit beacons would appear to move tdwvtlae driver, which would be the
inappropriate design intent undéase B

The change in direction of the waves would occurabse drivers would easily
“overtake” the waves. The changing direction of as&awould lead to a confusing
situation for drivers. To successfully generate @gthat appear to move away from the
driver under all conditions of driving speed, tirad delay must be kept at or below 0.1 s
(see graph 4 in Figure 5). The exact valuesgatisfying the conditio& < Ofor all valid
values ofx and V, can be found analytically using differential eqoas to generate
waves that move away from the driver.

Additionally, the use of larger values of inter-bea distance (e.g., 21 meters)
and lower values of time delay(e.g., 0.1 seconds) can produce a very rapidlyimgov
wave of lit beacons, and it is not certain that @arist would perceive the lights as a
connected unit that produces a wave. At which coatimns of inter-beacon distanke
and time delay o lit beacons still appear to be connected isngportant question that
would need a deeper psychometric investigationiarzeyond the scope of this thesis.
Parameters governing edge rate and their rangeossille values are summarized in
Table 5.

As seen through the above arguments, only spefté#gh rates and distances
between successive beacons can determine possigée rates. A top down process
where a normative edge rate determined theoraticalt be implemented using any flash

rate and any distance between successive beacomst dee used.
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Ea = N™(t™ + Vy*x™)

30° rotation 85° rotation 140° rotation

v, (mis)

v, (WIS)

0600

0600 3 % (m)

BE-35 x (m) bl

-7 195° rotation 250° rotation -305° rotation

\{2 (mis)

Figure 3 — Edge rate isosurfaces under Case A
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Figure 4 — Edge rate isosurfaces under Case B
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Case A; \rg- 55 mph Case B; V2 =55mph

oz

e
t(s) x (m)

Case A; V, = 55 mph

2;
0600, 5
5
0azs
z
- 0350
5
om! 15
t
5
o1

|
875 17.50
«

62 3600
x (m}

Figure 5 — Edge rates ab ¥ 55 mph

Note: Graphs 2 and 4 in the above figure are tepvsiof graphs 1 and 3, respectively.
They depict E = f(x, t, ¥) with V, =55 mph

The method of implementing a particular edge ratetlie proposed perceptual
countermeasure was further limited by the lack @ftml over a driver's speed. When
dealing with moving waves of lit warning lights fférent driving speeds yield different
relative velocities, which can cause the waves @werin a direction not intended for the
work zone (e.g., lights moving away from drivershea than toward them). With the
bounded parameters, edge rates that were studi®ivby, Larish and Flach in the 1980s
and 1990s (0.05 to 1.5 edges per second) couldnestigated with synchronized
flashing beacons but only und€ase A,where waves of lit beacons would appear to
move toward the driver. Also, since the main foofighis thesis was to investigate a

method for reducing mean driving speeds and vanaii speed, investigatinQase B,

Ol LAC U Zyl_ﬂbl
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which in theory (Vercursyssen et al., 1995) couldréase driving speeds, was not an

option.

Table 5 — Parameters for determining edge rate

Variable
Flash Ratef}

Range of Possible Values

1.2 to 1 second per cycle
(0.833t0 1 Hz)

Flash on and off durations f,, € [0.1,0.6] s

(fon andfoff) and

fon + forr = f

Distance between If posted speed limit is 90 km/h
successive beacons or interer 55 mph,
beacon distance) x€[1,36] m

Or,
X € [3, 110] feet

Delay between successive
lighting up of beacond)

t<fons

ie.
t<06s
Driver Velocity (V») V, € [30, 70] mph
Or,
V,€[13.41, 31.29] m/s
Relative Velocity V1) If above values of x and t are

used,
V,€[1.67, 360] m/s

Wave Lengthl() L = N*x where N > 2 and ¢

N
Assume, L = 6x
Edge RateK) Case A:
E, =[0.34, 6.88] edges/s
Case B:

Eg = [-4.94, 1.60] edged/s

Comments

Constrained by FHWA guidelines for TTC and general
norms concerning photosensitive epilepsy.

The flashing must not startle or confuse motorstd
highway workers.

On and off durations constitute a cycle and caare
fraction that adds up to the flash rate. For sioiyfiit
can be fixed as equal on-off rate.

On and off durations must generate the percepfion o
successively lit beacons as being linked to form a
wave.

Units: seconds per cycle or hertz (Hz)

Constrained by FHWA guideline, “The maximum
distance in meters (feet) between devices in a tape
should not exceed 0.2 times the speed limit in km/h

(1.0 times the speed limit in mph)” as prescribed i
Tables 6H.3 and 6H.4 of the MUTCD.

Minimum value is arbitrarily chosen as 1 meter.
Units: meters (m)
Time delay must be adjusted to generate the péocept

of successively lit (groups of) beacons being lahie
form a wave.

Units: seconds (s)

Assumed to vary between 30 mph and 70 mph
Units: meters per second (m/s)

Velocity of waves of lit warning lights is dependem
values ofx andt.

Units: meters per seconds (m/s)

Set of lit beacons and set of dimmed beacons tegeth
constitute a wave which is a minimum of two.

Units: meters (m)

Edge rate is directly proportional to relative \atp,
which can change its direction of motion depending
driver speed.

It is advocated that synchronized flashing beatens
used with extreme caution undease B

Units: edges per second (edges/s)
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Summary

Work zone safety was identified as a prevalent iamgbrtant issue that needs
focus specifically on speeding and speed variatiparticularly in low-visibility
conditions. A literature review of various counteasures aimed at improving work zone
safety revealed gaps in the area of non-obtrusieentermeasures. Perceptual
countermeasures with synchronized flashing wartigigts were identified as a cost-
effective measure that could overcome the shortegsnof perceptual countermeasures
with pavement markings, and then ranges of paramée implementing waves of lit
warning lights were derived. With these a set opdilieses and a simulator-based
experimental study were generated to evaluate perak countermeasures with

synchronized flashing lights, which are explainedhie following sections.
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CHAPTER Il HYPOTHESIS

A hypothesis of the form gl m; = mp = mg=... = m, where m, np, Mg, ... , M,
are mean speeds within work zones 1, 2, 3,... , h watrying conditions was found
worthy of rejection with statistically valid reasog by Vercuryssen et al. (1995).
However, this hypothesis was retested here fofigation.

Building upon the work done by Vercuryssen et ad &om the discussion on
perceptual countermeasures and edge rate, it wedhesized that increasing the number
of discontinuities seen from 1 to 1.5 edges/secendld give drivers a perception of
driving at higher speeds. This would let the drisierw down the vehicle. It was assumed
that any perception of “higher” speed would haverbevidenced by:

1. Lowered mean speeds within work zones reachingechusthe posted speed

limit

2. Reduced incidences of sudden increases and desrgaspeed or slower

changes in speed with lesser magnitudes of change

A specific hypothesis about gender differences m@sconstructed, as tuning a
perceptual countermeasure for either gender wooldserve a practical purpose. To
investigate the possible merit of using percept@mintermeasures with synchronized

warning lights or beacons, the following experimemés devised based on the

hypotheses.
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CHAPTER IIl METHOD

While test tracks and on-road studies offer one wayevaluate different
interventions, they are subject to varying envirental conditions and may pose a
significant risk to test participants and researshBriving simulators offer a viable and
pragmatic approach. This study used a driving satoul because it provided an
inexpensive and systematic means of manipulatingjpteitest conditions, the ability to
repeat the experiment under identical conditions different participants, and most
importantly, it ensured the test participants’ amskarchers’ safety.

Just as test tracks and on-road studies have Jisatdo driving simulators. These
include concerns of scenario realism, simulatdtress and representativeness of driving
scenarios. Increasingly powerful computing systemage increasingly realistic scenarios
possible, thereby mitigating some concerns of stemaalism. Simulator sickness can
adversely affect simulator results, but it is mategd by screening participants for
simulator sickness. The ultimate validity of sintoladata remains an empirical matter
that depends on the match of simulator featurestla@dature of the particular driving
task. Hoskins and EI-Gindy (2006) and Kapteinle{l®96) elucidate the concept of the
validity of driving simulators and assert that dnty simulators are a valuable research
tool in human factors studies. For these reasonsimalator-based experiment was
adopted and experimental data was collected. ThanmMng sections explain participant

demographics, the experimental design, tasks amckedure.

Participants
A total of 16 individuals, eight male and eight fam within the age group of 30

and 50 were recruited to participate in this stuflye demographics of the participants

were:
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Table 6 - Participant demographics

Gender Number of participants Mean Age Standard Deviation
Female 8 41.0 4.3
Male 8 41.6 4.0
Total 16 41.3 4.1

Advertisements about the study were listed in tberNNews of the University of
lowa Health Clinics and were also posted on pulbléssage boards. Word of mouth and
emails to colleagues were also used. Participamt® wcreened through a telephone
interview on the basis of having an active drivdicense, being within the age group of
30 and 50, having driven for more than 5 years @mng at least 3 times per week.
They self-reported to have normal or correcteddgoyal vision. They self-reported not
to have been diagnosed with any type of seizurepitepsy at any point in their lifetime
nor to have frequent headaches or migraines. Tleeg vequired not to be claustrophobic
and not to be pregnant (females) at the time digyating in the study. The aim of the
screening process was to gain access to a populaficoadway users who were
representative of a majority segment of the drivoogulation in the Midwest, which is
the age group of 30- to 50-year-old drivers. Tlge group was also chosen to control for
large-scale variability in driving attitudes duediéferences in age and experience, which
would produce greater disparity within 16 particifs|a compared to a larger set of
participants. The participants were given a nomowhpensation of $20 per hour for

their time.

Experimental variables

The study had a repeated measure, within-subjegterienental design. The

independent variables included “work zone type¥Y@bronous, moving and static), test
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run number, work zone sequence, repetition, presefdead vehicle and gender. The
dependent variables were average speed (in mphjhenttequency component of the
speed within the work zones. The simulator alsond®d other objective measures such

as lane deviation, steering wheel angle, usageadi@rator and brake pedal, etc.

Experimental design and tasks

The Manual on Uniform Traffic Control Devices (MUDQ by the FHWA (US
DOT — FHWA, 2007) provides guidelines and specifares to various transportation
and highway agencies. Section 6 of the MUTCD dbssritemporary traffic control
(TTC) measures concerning work zones and traftcdents. Based on these guidelines,
a test run within a virtual environment depictingypical Midwestern highway was
designed.

A work zone with a particular lighting condition sv&entified as a “work zone
type.” It had three levels, and all three work ztyes appeared in each of the four test
runs for each participant. The three work zone gypea test run evaluated existing
practices to the proposed method of synchronizeding lights. These were:

i. Moving lights (M) — Work zone warning lights on $ety barriers that flashed

in a synchronized pattern moving toward the driver.

ii. Asynchronous lights (A) — Work zone warning liglots jersey barriers that

flashed at random without a definite pattern.

iii. Static lights (S) — Work zone warning lights onsgy barriers that were

constantly on.

The static lights condition depicted the prevaleraictice of using warning lights
in non-flashing mode, which is a standard presdribg Section 6F.78f the MUTCD.
The asynchronous flashing lights depicted a lessnoon practice used only in extremely

hazardous situations where each warning lighttisnse flashing mode individually. This
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typically generates a random or asynchronous patt€he MUTCD does not have
guidelines on synchronizing them.

Two types of test runs were created: one investigaipeeding behavior “without
lead vehicle” (N1 - L3) and another “with lead wahi (L1 - L3). Both test runs
consisted of 9.5 miles of straight and level highwath three work zones of two mile
length (each of a particular type) spaced one mgilart. Figure 6 better elucidates the
virtual scenario or, in other words, test run desig

The sequence in which a work zone type appearedt@st run was randomized
using two 3x3 Latin Squares (see Table 7) givindhed possible combinations of work
zone sequences among six test runs. Four testweres chosen of the six such that a
participant would perform each type of test runcwvi(first measure and repeated
measure). For each participant, a set of four nass was assigned randomly and was
counter balanced so that an equal portion of madefemale participants drove through a
without-lead-vehicle test run (N1, N2, or N3) eitl=fore or after a with-lead-vehicle
test run (L1, L2, or L3). This randomization is smoin Appendix B.

Participants were tasked to drive through four tesis. Two were through a
virtual scenario depicting typical Midwestern higiywconditions with a lead vehicle, and
the other was to drive through the same scenatioowi a lead vehicle. The experiment

therefore had a repeated measure, within-subjeperienental design.
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Work zones 1, 2 and 3 are identical except
the lighting condition within the activity are
and all had the layout shown below.
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Figure 6 — Test run design
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Table 7 - Latin Squares to determine the orderakvzone type

Lead vehicle Testrun Work zone
sequence
Absent N1 (M A S)
N2 S M A
N3 A S M | 3x3
N— /
~ ~
Present L1 S A M
L2 A M S
L3 M S A | 3x3
N— _/

Apparatus and driving environment

The experiments were conducted using a fixed-bassjium-fidelity driving
simulator using a four-door Ford Sable cab and ®8afety’'s® HyperDrive™ authoring
software. A rear-projection screen with 1024 x 7é8olution, 122.88 cm x 92.16 cm
screen size, located approximately 140 cm in frainthe drivers produced a driving
scene that spanned approximately 50 degrees dl\fisld. Participants’ eye-height was
approximately 130 cm above ground. The simulatdiected data at 60 Hz, and the
examiner could communicate with the participantaviavo-way microphone and speaker
system during the experiment. The visual scene istuks of a virtual environment
depicting a typical Midwest interstate highway witiree lanes in each direction along
with a wide median and typical signage with lowHvility conditions as shown in Figure
8. The driving simulator had a limit of 50 polygors® only 25 warning lights could be
created. The warning lights were created aheatieofitiver and destroyed behind them
dynamically so that the entire length of the wodke could have warning lights placed

over jersey barriers of 56 inch height. The drivBagnarios used almost black-colored
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fog (RGB 15, 5, 20) at a distance of 175 meterd thadeled late-night conditions

lacking visible traffic.

Figure 7 - Driving simulator apparatus

Figure 8 - View from driver’'s perspective
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The fog distance also concealed the sudden apmeaainwarning lights. The
warning lights were placed 9 meters apart becaOseeter was too far (the waves broke
down) and 8 meters was too close (the fog needduketauch closer to conceal the
dynamic creation process). The warning lights waeated with two two-dimensional
polygons: a bright yellow-amber hexagonal polygaertaid on a dull orange-amber
hexagonal polygon. The bright polygon depicteddhestate and the dull one the off state
of the warning light. As the polygons were createdhe virtual environment, their
minimum dimensions projected on the screen wer2 63 x 0.32 cm (0.13 degrees of
visual angle), and as the participants drove cldsethe polygons, their maximum
projected dimensions were 6.4 cm x 6.4 cm (2.62edegof visual angle).

Moving warning lights were created by making thiglir polygon visible foff,,
seconds and invisible fdi¢ seconds, creatung a flashing effect. With an agipar
driven constraint on the distance between succegsdlygons (beacons), their on-off
durations were adjusted to 0.433 and 0.466 secoesisectively. Time delay was set to
0.11 seconds through exploratory methods and \wittrence to the model depicted in
Figure 5 to achieve a reasonable wavelike appanetibn. This produced an edge rate of
1.97 edges/s at 55 mph (24.59 m/s).

Asynchronous warning lights were created by fixithg off duration of each
beacon to 0.5 seconds and lighting all bright pohgyat once with a randomly generated
on duration using the formula:

fon =random()*0.4 + 0.2 .. (12)

The functionrandom( ) generated a number between 0 and 1 sampled from a
normal distribution. The above formula ensured fgatvas less than 0.6 seconds and
that lights did not accidentally synchronize.

Static lights were created by making the brightygohs visible throughout the

test runs.
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Procedure

Participants were provided with the informed ceonmsdocuments upon their
arrival and told that they would be driving in atual environment depicting a highway.
After their consent was received, they were diddtgo the driving simulator and
instructed on its operation. They were then allow@damiliarize themselves with the
simulator in a practice run that lasted for fivenaies. If the participants felt comfortable,
they were allowed to continue with the test runsfoBe each test run, the participants
were instructed to “drive as they would in theirrowar in the real world.” They were
instructed to put the car into drive when they werady to do so and not pass any
vehicle that might be in front of them. They welgoanstructed to remain in the leftmost
lane until asked to stop and put the vehicle irdtkpThe participants started off in the
middle of the leftmost lane. Each drive lasted¥arto 15 minutes. After the second test
drive, the participants were given a five-minutedk. At the end of the four test runs, the
participants were given a questionnaire. At the @nithe session, participants filled out a

payment form before leaving. The entire sessioretafor 1.5 to 2 hours.
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CHAPTER IV RESULTS AND ANALYSIS

Under each of the two experimental tasks — ongjrdyion a highway with a lead
vehicle and the other without a lead vehicle — &Bigipants’ mean speeds in each of the
three work zone types with a repeated measuresaoenp yielded 96 observations (16 x
3 X 2 = 96 observations). The headway data recovdesl corrupted due to possible
apparatus failure and was therefore not utilizethenanalysis. The 96 observations were
analyzed separately under the different experinheasks and are presented separately.
The analysis was done in three stages. The firsttovaerify the findings of Vercuryssen
et al. (1995), and the second was to investigaefrdquency component of the speed
profiles within the work zones. This method was rded suitable because simple
observation of the profiles appeared to be sinad@dd, upon further investigation, the
key area within the work zone was found suitableHourier analysis. The third stage
was a post hoc analysis investigating the drivieesiavior prior to entering the work zone
using a linear mixed effects (LME) model.

The instantaneous speed collected at 60 Hz wasedduy averaging the speeds
every one tenth of a mile for each run. This procedof data reduction matches the
approach used by Vercuryssen et al. (1995). Thedaced data points were then
averaged within the work zones to determine théqgieants’ mean driving speed in the
work zone. This data was analyzed for normalityngsihe QQ-Norm function of the
statistical analysis package R version 2.8.0. aasl feund to be non-normal with heavy
tails. An analysis of variance (ANOVA) was therefarot very suitable. It also did not
follow from the hypotheses. However, by assumirgustness of ANOVA (Stiger et al.,
1998) and in order to confirm the tests done bycuWerssen et al., an ANOVA was
conducted considering the null hypothesis that Haenpled mean speeds of all
participants within the three work zones were drafsom the same underlying
distribution and that they had identical populatioeans. In the experimental task with a

lead vehicle, the results did not reach signifieamith F(2,93) = 0.3p = 0.744. Also, in
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the experimental task without a lead vehicle, #&ults did not reach significance with
F(2,93) =0.086p = 0.918. The ANOVA of mean speeds for test rurth wnd without a
lead vehicle does not provide sufficient evidereelaubt the null hypothesis, hence the
null is retained. This showed that work zone ty@eswot a statistically significant factor
predicting variation in mean speeds within the wpoke. These preliminary treatments
of the data are presented in Appendix C.

To investigate the hypothesis of whether the ipeton had a “calming effect”
on drivers’ speeding behavior, a Fourier analy$ighe speed profiles within each work
zone was conducted. The data were analyzed acgaihe scheme shown in Figure 9.

Participants’ speed data between the points malkesd E in Figure 6 within
each work zone was found to be linear time invar{afil). The power of the dominant
frequencies of speed in two bands was observedloienedium frequency band was
defined as 0.05 Hz to 0.15 Hz, and a medium-higguency band was defined as 0.15
Hz to 0.5 Hz (McGehee et al., 2004).

M or A or S Lights M or A or S Lights M or A or S Lights

1 [ |
without Trial Q Trial Q Trial Q
Trial P Trial P Trial P
First Set of —

trials
(First ‘ ‘

I ]
measure) [ Trial Q Trial Q Trial Q
With LV Trial P Trial P Trial P
I

Data
(4 trials with
repetition)

ik

[
Without | Trial s L_Trial S Trial S
Lv |
Trial R | Trial R Trial R
L0

Second Set of
trials

(Repeated
measure) ‘

Trial S Trial S Trial S
With LV Trial R Trial R Trial R

| IS

fi

Figure 9 - Data analysis scheme
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Figures 10 and 11 show the frequency componenhefspeed data that were
analyzed using the Fourier Fast Transform (FFToralgm of Matlab 2009a. The FFT
implemented a discrete Fourier analysis sampl@&® &tz (half of original data collection
rate) and illustrated that a few of the particigawere drastically influenced by moving
and asynchronous lights in test runs, in generalese¢ed by higher powers in the very
low frequency range of 0.1xFOto 0.5x10° Hz,as opposed to higher frequencies of
0.5x10° to 1.5x10° Hz. It is argued here that this is characterisfi¢calm driving.”
These calmer participants’ speed profile within therk zone can be compared to a
sinusoidal wave with large wavelengths without kigiquency sinusoidal waves mixed
into it.

Specifically, in the static lights condition mosarpcipants exhibited rapid
increases and decreases in speeds among test ithmitwa lead vehicle. This is
speculated to happen as participants looked aspkeedometer and realized they were
going too fast or too slow compared to the posteeed limit. Thus, they made a
“corrective” action.

The rapid change in speed is similar to an underpdal second-order system
exhibiting the phenomenon of “hunting.” As suchstbehavior is termed as “not calm.”

In the test runs with a lead vehicle, the aboveditmmms were observed, but
practically all drivers seemed to exhibit calm dryy behavior within the work zones.
This is likely due to the systematically programniead vehicle that became a “shadow
vehicle” restricting and guiding the participanteowvere observed to have been mostly
tailgating the lead vehicle. This, however, caugedwarning lights to be occluded by
the lead vehicle, which is a simple but significdatlure in the use of perceptual
countermeasures.

Post hoc analysis of the data using an LME modetated that the speed just
before entering the work zone and repetition weatistically significant factors that

accounted for a sizable variation in the mean spetiin the work zones.
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Participants’ speed profiles through each testrewealed that all participants did
lower their speed as they entered the work zonddramease it as they exited the work
zone. Their speeds in the test runs with lead Vehiwere drastically reined by the lead
vehicle, the work zone layout and the instructiombt overtake the lead vehicle. The
following analysis therefore concentrates on th& teins without lead vehicles. A
relation between participants’ mean speed and titey speed was examined with an

LME model constructed using the “Ime function” ofithe Library” in R.
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The post hoc analysis of the mean speeds withih e@ack zone was conducted
with entry speed, gender and repetition as fixdeces and participants as random
effects, as they represent randomly sampled drifrera a population of middle-aged
drivers in the Midwest in the US. Work zone typesvaanitted since there was already
sufficient evidence to suggest that it did not dbate greatly to the variation in mean
speeds in the experiment. Interaction terms wese ahitted to conserve degrees of
freedom and because there was not a particulasmagassuspect a significant interaction.
Equation 12 represents the model.

Y=pta+B+y+p .. (12)
where, Y — Mean speed
u — Average of all mean speeds
a — Participant
B — Entry speed
vy — Gender (factor with levels ‘male’ and ‘female’)
p — Repeated measure (factor with levels ‘yes’ )

The results of the regression are summarized ineTé&land an ANOVA table is
provided in Table 9. Gender was not observed datstgcally significant factor at 0.05
level. Entry speed and repetition were statistycalgnificant at 0.01 level, where mean
speed increased by 0.32 mph for every 1 mph inereagntry speed and by 1.06 mph

due to a repetition.
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Table 8 - Linear mixed effects model summary table

Fixed effects: Entry Speed, Gender and Repetition

Random effects: Participants

Value Std.Error DF t-value p-value
(Intercept) 40.010 3.6649 78 10.917 <.0001
Entry Speed 0.3246  0.0540 78 6.0116 <.0001
Gender -0.0897 1.3137 14  -0.0682 0.9466

Repetition 1.0662 0.3108 77 3.4304 0.0010

Table 9 - Anova of linear mixed effects model

numDF denDF F-value p-value

(Intercept) 1 78 8806.808 <.0001
Entry Speed 1 78 34206  <.0001
Gender 1 14 0.008 0.9313
Repetition 1 77 11.767 0.9718
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CHAPTER V DISCUSSION

The limitation of the apparatus’s visual displaypahilities, usability and
programmability, along with the design of the expent, are thought to be contributing
factors in the lack of strong and definitive eviderfrom the collected data to prove or
disprove the study’s hypotheses. While betweenestibjdesign could have given a more
robust experimental design, it would have requil@dmuch greater number of
participants, adding to financial requirements. TWithin-subjects design was not fully
supported by the selection of four test runs outhefpossible six to administer to each
participant.

The results of the data analyses do promote cenaiions. The discussion is

divided into sections that follow from the analyses

Results of the ANOVA and graphical analyses

The results did not provide strong evidence to sup@r disprove the hypothesis
that use of perceptual countermeasures affordgrafisant reduction in mean speed or
reduces the fluctuations in speed. Figures in AdpeD indicate that three groups of
mean speed are distinguishable within the work gohge55 to 60 mph, 2) 60 to 65 mph
and 3) speeds greater than 65 mph. Comparing iparis’ speed profiles and
periodograms with this information in mind revetis following:

a) In test runs without lead vehicle
i) Participants whose averaged mean speeds were tbae65 mph had more
periodic variation in speeds compared to those wwitaraged mean speed
higher than 65 mph. Some of this variation in speey have been due to a
lack of adaptation to the driving apparatus. A nambf these participants
commented that the steering wheel and brakes waweseénsitive. The
variation in speed may stem from their strugglectmtrol the simulated

vehicle. A medium-frequency sine wave forms the mhamt component of
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speed profiles of Participants 6-F, 7-F, 9-M, 114;M and 13-M as seen in
their periodograms (Appendix D).

i) Participants whose averaged mean speeds were lifghei65 mph showed
very little variation in speeds. These same indigid did not mention any
discomfort with the apparatus. Their ability to trohthe simulated vehicle
effectively may have added to their desire to dfast and their confidence in
reacting to a possible situation like a deer cragshe road. There were no
such incidences planned into the experimental smaA low-frequency
sine wave forms the dominant component of the speefiles of Participants
3-F, 4-F, 10-M and 16-M. This behavior may alsarbeart because specific
instructions were not given to the participantsnt@intain a particular speed. It
was assumed such instructions would hinder theurabkdriving behavior on
highways. Clearly, individual differences have aremiding effect, but the
observation of driving speeds above 70 mph witlia work zones was
surprising. The most astonishing finding was thase participants were quite
unaware of their driving speed, and they underedgchtheir mean speed by
roughly 10 mph. Also, in the questionnaire, twotlodm reported looking at
the speedometer between three to five times, gnartex] one to two times,
and the fourth participant reported looking at @grenthan 10 times during the
course of each work zone.

b) In test runs with lead vehicles

i) Participants often maintained a headway over fa®nds, but they all tried
to achieve the maximum speed possible within theertvile long work zones,
where they eventually caught up to the lead velaodk were restricted by it.
The lead vehicle acted as a shadow vehicle, amgbpears that a shadow
vehicle can very successfully restrict traffic speegardless of work zone

conditions.
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i) A shadow vehicle or a slow driver might “aggravatebme drivers.
Participants who exhibited speeding behavior int tess without lead
vehicles also exhibited higher variations in spesdwell as more rapid

acceleration and deceleration patterns comparetht&y participants.

Results of the Fourier analysis

The Fourier analysis shows a more tangible apprdaachnalyzing nonlinear
speed data that is typically reminiscent of sindabwaves. This form of analysis is not
typical, yet it gives a more complete picture of et of data analyzed because more
number of data points can be fed into the analydi® typical drawbacks of ANOVA
include limited degrees of freedom, sensitivity ton normality, and need for
mathematical adjustments if the number of sampiesa few or too many. The analysis
did elucidate individual differences in driving wkea number of drivers (both male and
female) were drastically affected by blinking lighaf any kind, and their behavior was
better modeled by a wave within the low-frequeramyge with an amplitude greater than
1.5 x 16 units. This contrasts with all drivers whose bébawas modeled by a wave
with amplitudes that always stayed below 1.5 & fiits when driving in the static light
condition. This analysis does provide evidence #lfaws the “calming effect” of

warning lights used as a perceptual countermeasarériving simulator.

Results of the linear mixed effects (LME) model

An important outcome of the study and a result frdbsa LME model was
evidence of drivers continuing to drive through kwaones at speeds closer to their entry
speed. The same observation is supported by Bretvat. (2006), who noticed that
“drivers will generally maintain the speed at whitiey were traveling before entering
the work zone, regardless of the posted work zpeed limit.” This would point to the

necessity of implementing countermeasures to spgedell in advance of the work
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zone. How well in advance they must be implemeatadl whether they give a notion of
level of activity in the work zone would be impartajuestions to consider.

Repetition was also a significant predictor of mepaeds. It is suspected that the
participants in the experiment learned through tigpe that the roadway was generally
empty and that moving through the work zones atdngpeeds was safe. This might also
be the case in real-world situations where frequEmhmuters would show a greater
tendency toward speeding because their assessimtm@ wsks of traveling through the
work zone at high speeds (risk of having an accjdeging fined, etc.) would diminish

with each repetition or daily commute.
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CHAPTER VI CONCLUSION

Through an extensive literature survey on work zioterventions, a number of

key areas of research were identified. These were:

» Managing variability in driving speeds

» Taper design and its effect on traffic regulation

» Effect of distance of signs from the work zone eividg behavior and

driver attentiveness

» Effect of different TTC devices on driving behavior

» Effect of lateral buffer distance

» Perceptual countermeasures

Of these, the use of perceptual countermeasureadpmb the possibility of

implementing cost-effective means of mitigatingesiag behavior as well as managing
variability in speeds due to their supposed “calyeffects.” To overcome the drawbacks
of pavement-marking-based perceptual countermessiine use of flashing beacons was
investigated. Flashing beacons would also be morespgicuous and visible in poor
visibility conditions and at night. The method ofnshronizing flashing beacons to
generate waves of lit beacons was proposed by Yesen et al. (1995). Their study was
extended by describing the theoretical aspects evtgptual countermeasures. This
included reviewing the concept of edge rate andstadies by Denton (1980), Owen
(1982), and Larish and Flach (1990). Parametersmawy edge rate of waves generated
by flashing beacons and their limiting conditiongrev identified (see Table 5 for a
summary). Edge rate is ultimately a function oéiAbeacon distance, time delay between
successively lit beacons and driver speed. An itapbioutcome of this exploration was
the fact that using synchronized flashing beacorgeherate waves that move away from
the driver is very difficult and should be avoideecause the waves are likely to change

their direction of apparent motion as motorist®exqbs increase.
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An experiment was devised to verify the findings/efcuryssen et al. (1995) and
to identify possible benefits of synchronized fiagh lights. The experiment was
conducted with 16 participants, eight of which wenale and eight of which were
female, all within 30 to 50 years of age.

In general, the experiment was successful in progidn insight into the efficacy
of using perceptual countermeasures with syncheonfiashing to mitigate speeding.
However, due to the technological difficulties withe apparatus and the experimental
design, the observed effect was weak. In comparigorthe study conducted by
Vercuryssen et al. (1995), this study implementadhing beacons on only one side of
the road as opposed to both sides, which couldlasane of the reasons for observing a
weak or null effect. The experiment could have bewme robust as a between-subjects,
factorial design examining synchronized flashingmirgg lights versus continuously lit
warning lights. It is also important to note theaining and individual differences play an
important role in driving, which would make a nd&abmpact on the novelty effect of the
perceptual countermeasure. This effect remaing iovestigated.

The outcomes of this study can be used to bettsignleexperiments that can
investigate different types of perceptual countersoees and other interventions
involving flashing beacons in more advanced drivsimgulators, on test tracks or in the
field.

The FHWA-MUTCD, however, restricts the use of flaghbeacons. It directs
their usage for warning of extremely hazardousasibms and says not to use them for
demarcating warning zones. Inclement weather cmomditwith poor-visibility conditions
are likely to lead to a hazardous situation arowwdk zones where flashing beacons
would be warranted. With synchronized flashing lbea¢c the work zone can be
demarcated with appropriate TTC devices and thedreacan be lit in low- and high-
intensity settings instead of on and off settirgereate waves of moving lights as well as

continuously visible lights. Concerns of liabilithue to technical failure of the waves to
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synchronize appropriately also exist. However, st astimated that technological

advancements in the future will reasonably overcameh technical issues. A greater
concern in using this intervention and perceptualntermeasures in general are their
occlusion due to a lead vehicle. If the pavemenkmgs or waves of lights are not seen,
the intervention fails. These concerns must bentakéo account when evaluating

currently available vendor products that make ussyachronized warning lights (see

Fitzsimmons et al. [2009] for a review).

Future research can investigate the possible s@namaning of waves of
flashing lights perceived by drivers and their plolesuse in communicating speed like
radar-triggered CMS to make drivers more awareheirtspeed. Another important
avenue for research is reevaluating the assumptised for designing tapers and speed
limits. If US highways are to match the design afhtways such as the German
Autobahn, greater efforts must be made to redudigidual speed variation. Factors that
contribute to individual differences in speedingl @peed perception need to be further
researched. It is possible that distraction carseairivers to veer off their intended
driving speed, leading them to later abruptly spagadr slow down. To investigate this,
future tests may incorporate sudden events intilvend scenario, such as trucks merging
into traffic from the work zone.

Work zones are likely to grow increasingly autordasad “intelligent” in the
future. This implies that interventions would ingorate information technology and
sensor technology to cope with dynamically varyitrgffic and environmental
conditions. In doing so, one must be aware thataisodsed in devising those automated
interventions would certainly be far from perfetherefore, constant revaluations of the

interventions and a high degree of vigilance in itwsimg them would be mandated.
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APPENDIX A — ANECDOTE OF I-80 ACCIDENT

The following is an excerpt from the Post-Triburededi March 17, 2010 (Post-
Tribune Staff Report, 2010). It provides evidencerelating speeding and work zone
accidents where a worker was fatally injured byeaesling motorist. Another important
factor was the time of the incident, which was ighty at approximately 1:30 AM. This
singular yet significant case shows that if mitiggtfactors such as speeding vehicle,

presence of work zone, and nighttime conditionshkios) a fatal incident is plausible.

Jenkins was working his nightly shift with Walsh ri&truction on
Interstate 94/80 east of the Central Avenue eiind potholes in
the middle westbound lane about 1:28 a.m. Thatwian a 1993
Mercury Cougar driven by Shannon came speedingugro
according to the Indiana State Police. The velstleck Jenkins,
and he was thrown through the car's windshield.

Another construction worker stood in front of the €0 make sure
it didn't move, Sgt. Ann Wojas said, and the dritresn got out of
the vehicle. He said a few words to the workersoteefunning
away on foot. Another worker tried to run after hout the driver
escaped.

Jenkins died at the scene from severe blunt foeeerta, according
to police. Wojas said the accident wasn't justsea# a driver not
paying attention. Safety barrels had been set otk off the left
and middle lanes, and the car drove in between .tiWghen the
vehicle, which Wojas said was going faster thanpiheted 45 mph
speed limit, came up to construction vehicles hilngkhe workers
from oncoming traffic, the car passed to the Iefitéad of going
back into the open right lane. The Mercury strueRkins as it was
passing the construction vehicles, she said.

"He intentionally drove in the closed-off area, fgh® construction
vehicles that were blocking the workers," she said.

The area had numerous signs and flashing alertsrujpe public
to advise the two lanes were closed. The work cvelwicles
positioned by the workers included safety elemémfsrotect them
inlcase a car struck the construction vehiclespralieg to a police
release.

The area had numerous signs and flashing alertsrujpe public
to advise the two lanes were closed. The work cvelwicles
positioned by the workers included safety elemémfsrotect them
inlcase a car struck the construction vehiclespraiieg to a police
release.

www.manaraa.com



60

APPENDIX B — ORDER OF TEST RUNS

Table B1 — Order of test runs
Participant No Gender Test Run 1 Test Run 2 TeatRu TestRun4

2 F L3 N1 L2 N2
6 F L2 N3 L1 N2
1 F L2 N1 N3 L3
5 F L2 N2 N3 L1
3 F N1 L3 L2 N3
7 F N2 L1 L2 N3
4 F N1 L1 N3 L2
8 F N1 L1 N2 L3
10 M L1 N1 L3 N3
14 M L3 N2 L1 N3
9 M L3 N3 L1 N2
13 M L1 N2 L3 N2
11 M N1 N3 N1 L2
15 M N2 N1 N3 L3
12 M N1 L3 L3 N1
16 M N2 L3 L3 N2

Note: F — Female, M — Male, Ls — With lead vehi®Ns,— No lead vehicle

www.manaraa.com




APPENDIX C — SUPPLIMENTARY DATA ANALYSIS

Table C1 — ANOVA of means speed for test runs Vegd vehicle

61

Source SS df MS F Prob > F
WZ Types 0.601 2 0.300 0.3 0.744
Error 94.321 93 1.014
Total 94.922 95
Table C2 — ANOVA of means speed for test runs withead vehicle
Source SS df MS F Prob > F
WZ Types 2.67 2 1.334 0.086 0.918
Error 1444.77 93 15.535
Total 1447.43 95
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The data was checked for normality and it was assiuimat it had constant

variance. The data is non-normal as seen in Figare

Normal Q-Q Plot of speec

Sample quintiles

Theoretical quintiles

Figure C1 — Check for normality of speed data

Test runs with lead vehicle

Figure C2, with identifiers for mean speed withertgcular work zones as M —
Moving, A — Asynchronous and S — Static lightingnddions, did not reveal any
systematic ranking of letters across participaintss implies that the lighting condition

did not have any particular effect on the mean dpéelrivers within the work zones.

www.manaraa.com




63

Mean speeds within work zones of two test runs
(Test runs with lead vehicle
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Figure C2 — Scatter plot of mean speeds within veorkes in test runs with lead vehicles

Note: Y-Axis limits are between 55 and 60 mph. Meving lights; A — Asynchronous
lights; S — Static lights
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Figure C3 — Box plot of mean speeds within workesoim test runs with lead vehicles
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Figure C3 shows that participants’ overall speed wansiderably restricted by

the lead vehicle.

Test runs without lead vehicle

Figure C4 reveals that individual driving stylegiseto account for participants’
mean speeds to a larger extent than work zone Afpe, variance in mean speeds within
work zones across participants was not nearly astant as previously assumed. Some
participants drove relatively slower or faster tlhers and showed very little variation
in their mean speeds under different work zone itimmd, while others showed
considerably larger variations. A consistent ragkof the letters in Figure C4 — Graph 2

is not observed.
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www.manaraa.com




66

Average mean speeds of the two repetitions fonikieut-lead-vehicle test run
were taken and ordered according to magnitudetterbgsualize participants’ overall
speeding behavior in work zones (see Figure CureiC5 shows that some participants
drove at speeds much higher than 65 mph, whichtweaposted speed limit in the
scenarios on open roadway conditions. Also, aligpants drove above the 55 mph

speed limit posted just before entering the wonkezo

Ordered averages of mean speeds within work zonebtavo test runs
(Test runs with no lead vehicle)

70
)

65

Speed in mph
[+

am®| ms am ms|@ S
ams

r— 1.1 1 T T 1T T T T T T T T T T
13 14 12 9 8 2 7 11 1 15 6 5 10 3 4 16

Participants

Figure C5 — Ordered averages of mean speeds witttik zones
(Test runs without lead vehicle)

Note: The participants are arranged in increasndgroof their averaged mean speed.
M — Moving lights; A — Asynchronous lights; S — &tdights

From the analyses of mean speeds in test runsawittwithout lead vehicle, it
was evident that the countermeasure’s effect wastidally subdued. This could have
also been because the lights were often occludeleogad vehicle or because the

simulator’s capacity in generating a life-like beaavas insufficient.
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APPENDIX D — ANALYSIS OF INDIVIDUAL SPEED PROFILES

It was expected that participants’ speed profiteeugh work zones with moving
lights would be characterized by a lower numbespefeding peaks and valleys compared
to their speed profiles in work zones with othenditions. This would have been
characterized by the obvious lack of sharp undutatiin the speed profile and a
periodogram with the highest power in the lowestjfrencies and comparatively very
little power in the higher frequencies. This waswkver, not observed among all
participants, and most participants’ driving pregilremained more or less the same
through each work zone in respective test runsamiexample, Figures D1 (without lead
vehicle) and D2 (with lead vehicle) show the sppeafile of Participant 15-M. In the
column titles, the letter M or F after the partamp number indicates gender — male or
female, respectively; the term “Trial No” indicatdee test run (see Appendix B); and
“WZ Sequence” indicates the order (see Table Bl)which the work zone types
appeared within the test run. The second columthén figures shows the repeated
measure. Figure D1 shows that the participant deseend 60 mph during the first trial
with some undulations in speed and that the driveugh the asynchronous lights
condition seems to be the most stable. The speefilepwithin the moving lights
condition has stronger undulations, but it has tgregpeed reduction and the participant
stays around 55 mph toward the later 20 percenhefwork zone. In the repeated
measure (participant’s third test run), the pgsaat ramps up the speed toward the end
of the test run, which is, coincidentally, the wadne with the moving lights condition.
This time, the drive through the static lights citiod is the most stable, but speeds are
higher than 60 mph. The drive had the greatestdspeghuction within the asynchronous
lights condition. The plots show that the data dossprovide strong evidence in favor or
against greater speed reduction or lesser speétioarin the moving lights condition

compared to other conditions.
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Figure D1 - Speed profile of Participant 15-M istteuns without lead vehicle
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Figure D2 - Speed profile of Participant 15-M istteuns with lead vehicle
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APPENDIX E — COMMENTARY

Additional issues of concern included whether tmespnce of a speedometer
influenced the effectiveness of the interventiod drany of the test conditions confused
or startled the test subjects. The extent to wthehsample means are similar in the task
without a lead vehicle is also peculiar. It is @@able to suspect that participants were
motivated to pay more attention to their drivingsg@ due to the flashing warning lights.
It can be conceived that additional processinguess vested in a primary task can lead
to better performance,however this can also lead ecrement in subsidiary tasks
(Wickens, 1991). Maintaining vehicular attitude ané position — competes with
maintaining vehicular speed. To investigate thisgaploratory analysis of lane-keeping
behavior was also conducted because the simutaigetl the information by default.

Though no specific hypothesis was formulated rdgardhe effects of work
zones on lane-keeping behavior, an exploratory yaiwlof the data revealed that
participants shied away from the barriers. Figutepts the lane-keeping profile of each
participant. This observation has significant irogtions in work zone design where
specific TTC devices or their combinations can lseduto create a more effective

separation between motorists and the activity area.

Results of analysis of lane-keeping behavior

Participants’ deviation within their lanes awaynfrdhe demarcated work zone
could stem from a concern about colliding with tdoacrete barriers. As identified earlier
in the background section, the effect of TTC dewiaed their combinations is an area
that needs more research. Drivers’ tendency toasigy from the work zone could also
be due to the perceived intensity of work in thekvmone. The ability to incorporate the
intensity of work at a work zone in a simulatorbastudy is a general challenge. In the

driving scenario, the concrete barriers might hanbcated a higher level of activity,
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which is the case in the real world, where condpateiers are mostly used for long-term

work zones with greater activity.

Lane position vs Distance
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Figure E1 — Lane position versus distance alongpiidge

www.manaraa.com



72

REFERENCES

Aktan, F., Schnell, T., Aktan, M. (2006 ). Develogmh of Model to Calculate Roadway
Luminance Induced by Fixed Roadway Lightifigansportation Research
Record: Journal of the Transportation Research Blod973,130-141

Antonucci, N. D., Hardy, K. K., Bryden, J. E., Neam T. R., Pfefer, R. & Slack, K.
(2005).NCHRP Report 500 Vol. 17 — A guide for reduced vrzorke collisions
Washington, DC: Transportation Research Board.

Bai, Yong & Li, Yingfeng (2009)Reducing Work Zone Crashes by Using Vehicle’s
Flashers as a Warning Sign, Report No. K-TRAN: KiB0Topeka, KS: Kansas
DOT.

Barton, J. E., Misener, J. A. & Cohn, T. E. (2002pmputational vision model to asses
work zone conspicuitylransportation Research Record: Journal of the
Transportation Research Board, 180B-79.

Beacher, A. G., Fontaine, M. D., & Garber, N. D(2).Evaluation of late merge work
zone traffic control strategy, Report No. VTRC @-@harlottesville, Virginia:
Virginia Transportation Research Council.

Benekohal, R. F., Kastel, L. M. & Suhale, M. |. 929. Evaluation and summary of
studies in speed control methods in work zonespiiRdlm. FHWA/IL/UI-237
Springfield, lllinois: lllinois Department of Trapsrtation - FHWA.

Benekohal, R. F., Shim, E., Resende, P. T. V. (199%alysis of truck drivers’ opinion
on safety and traffic control on highway work zangbana-Champaign, lllinois:
University of lllinois Urbana-Champaign. Retrievigldrch 30, 2009 from
http://www.ict.uiuc.edu/Publications/report%20fléES-092.pdf

Bligh, R. P, Mak, K. K. & Rhodes Jr., L. R. (1998)ash testing and evaluation of work
zone barricadedransportation Research Record: Journal of Transgion
Research Board, 16566-44.

Brewer, M. A., Pesti, G., Schneider, W. VI (200B)proving compliance with work
zone speed limits — Effectiveness of selected @svicansportation Research
Record: Journal of Transportation Research Boa@48,67 — 76.

Chitturi, M. V., Benekohal, R. F. & Kaja-Mohideef, (2008). Methodology for
Computing Delay and User Costs in Work Zorlgsnsportation Research
Record: Journal of the Transportation Research Blo2055 31-38.

Darkopoulos, A. & Vergou, G. (2003valuation of the converging chevron pavement

marking pattern on one Wisconsin locatidashington, DC: AAA Foundation
for Traffic Safety.

www.manaraa.com



73

Denton, G. G. (1971)he Influence of Visual Pattern on Perceived S§Reghort
LR409). Crowthorne, Berkshire, UK: Transport ancaB&esearch Laboratory.

Denton, G. G. (1980). The influence of visual patten perceived speeBerception9,
393-402.

Dudek, C.L. & Ullman, G.L. (2002). Flashing MessagElashing Lines, and Alternating
One Line on Changeable Message Siginansportation Research Record:
Journal of the Transportation Research Board, 1,838101.

Durkop, B.R., & Dudek, C.L. (2001). Texas Driverdémstanding of Abbreviations for
Changeable Message Sigmsansportation Research Record: Journal of the
Transportation Research Board, 1748%-95.

Fields, B., Godley, S., Triggs, T. & Jarvis, J.9I9 Perceptual Countermeasures:
Simulator Validity StudyCanberra: Federal Office of Road Safety, Road and
Traffic Authority of New South Whales

Finley, M. D., Ullman, G. L. & Dudek, C. L. (20013equential Warning Light System
for Lane ClosurgTransportation Research Board"8@nnual Meeting, Paper
No. 01-2293Washington, DC: Transportation Research Board.

Fitzsimmons, E., Oneyear, N., Hallmark, S., Hawkhks& Maze, T. (2009)Synthesis
of traffic calming techniques in work zonésnes, lowa: CTRE, lowa State
University.

Fontaine, M. D., Carlson, P. J. & Hawkins Jr., H.(#000).Evaluation of traffic control
devices for rural high-speed maintenance work zosesond year activities and
final recommendations, Report No. FHWA/TX-01/1878«stin, Texas: Texas
Transportation Institute.

Fylan, F., Hempel, S., Grunfeld, B., Conner, M. &iton, R. (2006)Effective
interventions for speeding motorists, Road SafeseRrch Report No. 66.
London, UK: Department for Transportation.

Garber, N.J. and Patel, S.T., (1995). Control diicle speeds in temporary traffic
control zones (work zones) using changeable messgag with radar.
Transportation Research Record: Journal of the Fportation Research Board
1509 73-81.

Gibbons, R. B., Lee. S. E.,Williams, B. & Miller, C. (2008) NCHRP Report No. 624 —
Selection and application of warning lights on reay operations equipment
Washington, DC: Transportation Research Board.

Gibson, J. J. (1950T.he perception of the visual worBoston, Massatchusetts:
Houghton Mifflin,

www.manaraa.com



74

Godley, S. T. (1999). Driving simulator study ofreeptual countermeasures to speeding,
Doctoral Thesis. New South Wales, Australia: Unsitgrof Monash. Retrieved
July 27 2008 from http://www.psych.usyd.sedu.afflstaartg/GodleyThesis.pdf

Griffin, L. I., & Reinhardt, R. N. (1996)A Review of Two Innovative Pavement Marking
Patterns that have been Developed to Reduce Tigfigeds and Crashes
Washington, DC: AAA Foundation for Traffic Safety.

Hoskins, A. H. & EI-Gindy, M. (2006). Technical me: Literature survey on driving
simulator validation studietternational Journal of Heavy Vehicle Systems, Vol
13, No. 3241 — 252.

Huebschman, C. R., Garcia, C., Bullock, D. M. & abam, D. M. (2003). Construction
work zone safety, Report No. FHWA/IN/JTRP-2002/8/%&st Lafayette, Indiana:
Purdue University — Indiana DOT — FHWA. Retrievedrigh 31, 2009 from
http://docs.lib.purdue.edu/jtrp/43

Kaptein, N. A., Theeuwes, J. & Van Der Horst, RR9@) Driving simulator validity:
Some consideration$ransport Research Record Vol. 1550, N&BQ,,

Kamyab, A., McDonald, T., Storm, B., & Anderson-WiM. (2003).Effectiveness of
extra enforcement in construction and maintenanocgkwonesAmes, IA:
CTRE, lowa State University.

Katz, Bryan J. (2004 Peripheral Transverse Pavement Markings for Speaat©l,
PhD. DissertationBlacksburg, Virginia: Virginia Polytechnic Instieiand State
University

Kim, T., Lovell, D. J. & Park, Y. (2007). Empiricahalysis of underlying mechanism
and variability in car-following behaviolransportation Research Record:
Journal of the Transportation Research Board, 199®)-179.

Larish, J. F. & Flach, J. M. (1990). Sources ofiagitinformation useful for perception
of speed of rectilinear self-motiodournal of Experimental Psychology: Human
Perception and Performance. Vol. 16(295-302

Lessner, A. (2005). Work Zone Innovations. Papesgnted at the 2005 AASHTO
Standing Committee on Quality Conference, WashimgiC. In Fitzsimmons,
E., Oneyear, N., Hallmark, S., Hawkins, N. & MaZe(2009).Synthesis of
traffic calming techniques in work zonésnes, lowa: CTRE, lowa State
University.

Li, Yingfeng & Bai, Yong (2008). Effectiveness @mporary traffic control measures in
highway work zonesSafety Science Vol. 4453 — 458.

www.manaraa.com



75

McGehee, D. V., Lee, J. D., Rizzo, M., Dawson, B&eman, K. (2004). Quantitative
analysis of steering adaptation on a high perfooedixed-base driving
simulator,Transportation Research Part F, Vol.I81 — 196.

Medina, Juan C, Benekohal, Rahim F, Hajbabaie, Alang, Ming-Heng, & Chitturi,
Madhav Vijaya (2009). Downstream Effects of Spebdt® Enforcement and
Other Speed Reduction Treatments on Work Zohes)sportation Research
Board 88th Annual MeetingVashington, DC: Transportation Research Board

Meyer, E. (1999). Application of Optical Speed Btr$lighway Work Zones.
Transportation Research Record: Journal of the Fportation Research Board:
Journal of the Transportation Research Board,16E¥#54.

Meyer, E. (2000)A Literature Review of Perceptual CountermeasuneSgeeding
Lawrence, Kansas: University of Kansas.

Meyer, E. (2005)Use of temporary traverse ruble strips in work zoharyland:
Maryland State Highway Administration, Office ofaffic and Safety. Retrieved
February 22, 2009 from
http://www.sha.state.md.us/safety/oots/trafficslgaadlaws/WorkZoneSafetyTo
olbox/04RumbleStrips.pdf

Michigan DOT (2003). Field tests of variable spéstts in work zones (in Michigan)
final report. Retrieved March 17, 2009 from
http://tig.transportation.org/sites/aashtotig/dv&i/%20Entire%20Final%20Rep
ort.pdf

Minnesota DOT (2004 Evaluation of 2004 dynamic late merge systRetrieved March
17, 2009 from http://www.dot.state.mn.us/trafficamgrkzone/2004DLMS-
Evaluation.pdf

Mohan, Satish B. & Gautam, Padma (2002). Costgiiviiay work zone injuries.
Practice Periodical on Structural Design and Coustion.

Mohan, Satish & Zech, Wesley C., (2005). Charasties of worker accidents on
NYSDOT construction projectdpurnal of Safety Research (3853 — 360.

Noel, E. C., Dudek, C. L., Pendelton, O. J., McBe&V. & Sabra, Z. A. (19875peed
control through work zones: Techniques, evaluatiod implementation
guidelines, Report No. FHWA-IP-87M/ashington, DC: FHWA.

Noel, E. C., Sabra, Z. A. & Dudek, C. L. (198%jork zone traffic management
synthesis: Use of rumble strips in work zones, Réyo. FHWA-TS-89-037.
McLean, Virginia: FHWA — Turner-Fairbank Researabn@r. Retrieved
February 17, 2009 from
http://www.fhwa.dot.gov/tfhrc/safety/pubs/89037/89Codf

www.manaraa.com



76

Owen, D. H. (1982)Optical flow and texture variables useful in sintirlg self-motion.
(Interim technical report for Contract No. AFSOR®&178, Task 61102F
2313/A2). Columbus: The Ohio State University Rese&oundation. Retrieved
August 18' 2008 from http://stinet.dtic.mil/cgi-
bin/GetTRDoc?AD=ADA117016&Location=U2&doc=GetTRDpdf

Pesti, G. & McCoy, P. T. (2007). Long-term effeetiess of speed monitoring displays
in work zones on rural interstate highwaysnsportation Research Record:
Journal of the Transportation Research Board, 178%31.

Photosensitive Epilepsy, Examples of TriggBestrieved August 2, 2008 from
http://www.epilepsyfoundation.org/about/photosanit/

Post-Tribune Staff Report (201@harges are expected in Borman hit-and-rRetrived
March 15, 2010 from http://www.post-trib.com/newikdB370,new-crashmain-
0317.article

Riffkin, M., T. McMurtry, S. Heath, and M. Saito0@8.Variable Speed Limit Signs’
Effects on Speed and Speed Violation in Work Zétegsort No. UT-08-01Salt
Lake City, UT: Utah DOT.

Ross Jr., H. E., Sicking, D. L., Zimmer, R. A. &tlie, J. D. (1993). NCHRP Reprot
350 — Recommended procedures for the safety peafazenevaluation of
highway features. Washington, DC: Transportatioadrech Board.

Rudin-Brown, C. M. (2006). The Effect of Driver Eleight on Speed Choice, Lane-
Keeping, and Car-Following Behavior: Results of TRmaving Simulator
Studies,Traffic Injury Prevention, 7:4365 — 372

Scriba, T., & Luttrell, T. (2004). Intelligent Traportation Systems in Work Zones: A
Case Study - Dynamic Lane Merge System. Detroit, FIWA - US DOT.
Retrieved March 17, 2009 from
http://www.itsdocs.fhwa.dot.gov//JPODOCS/REPTS_ABM1.htm

Steinman, R. M., Pizlo, Z. & Pizlo F. J. (2000)i Bhnot beta and why Wertheimer’'s
discovery launched the Gastalt revolution.

Stuster, J., Coffman, Z. & Warren, D. (1999). Sysik of safety research related to
speed and speed management, Report No. NO. FHWASRIB4. McLene,
Virginia: FHWA — NHTSA. Retrieved February 17, 2006m
http://lwww.tfhrc.gov/safety/speed/spdtoc.htm

The National Work Zone Safety Information Clearinghé. Retrieved July 27 2008
from http://www.workzonesafety.org/training/fhwa_wvgrant/grant_overview

www.manaraa.com



77

The National Work Zone Safety Information Clearinghé?. Retrieved April 4, 2009
http://www.workzonesafety.org/public_awareness/

Transportation Statistics Annual Report 200Vashington, DC: U.S. Department of
Transportation, Research and Innovative Technofajyinistration, Bureau of
Transportation Statistics.

Ullman, B. R., Ullman, G. L., Dudek, C. L. & Ramzr&. A. (2005). Legibility distance
of small letters on changeable message signs iglthémitting diodes,
Transportation Research Record: Journal of the Fportation Research Board,
1918 56 — 62.

Ullman, G. L., Finley, M. D., Pike, A. M., et aR@08a). Studies to improve temporary
traffic control at urban freeway interchanges aadgment marking material
selection in work zones, Report No. FHWA/TX-08/8B2. Austin, Texas:
Texas DOT — FHWA. Retrieved August 5, 2008 fromeear
http://tti.tamu.edu/documents/0-5238-2.pdf

Ullman, G. L., Finley, M. D., Bryden, J. E., Sriasan, R. & Council, F. M. (2008b).
NCHRP Report No. 627 — Traffic safety evaluationighttime and daytime work
zones Washington, DC: Transportation Research Board.

U.S. Rehabilitation Act of 1973, Section 508, Subpa Technical StandardRetrieved
August 2, 2008 from
http://lwww.section508.gov/index.cfm?FuseAction=Gom&ID=12#Web

US DOT — FHWA (1996). Summary report - Uniform fratontrol and warning
messages for portable changeable message sigrat Rep FHWA-RD-95-173.
McLean, Virginia: FHWA — Turner-Fairbank Researatnter. Retrieved April 2,
2009 from http://www.fhwa.dot.gov/tfhrc/safety/pu®8173/95173.PDF

US DOT - FHWA (2007)FHWA - MUTCD 2003 Edition with Revisions 1 and 2
incorporated,U.S Department of Transportation, Federal Highway
Administration.

US DOT — FHWA (2008)Work zone safety and mobility program — fact aatistics
Retrieved March 24, 2009 from
http://ops.fhwa.dot.gov/wz/resources/facts_stats.ht

US DOT — FHWA (2009)Work Zone Safety FactsheBietrieved February 22, 2009
from http://safety.fhwa.dot.gov/wz/wz_facts.htm

US DOT — NHTSA (2005)Analysis of Speeding-Related Fatal Motor Vehiclaffic
Crashes, Technical Report No. DOT HS 809 &3&rieved February 08 2009
from http://www-nrd.nhtsa.dot.gov/pdf/nrd-
30/NCSA/Rpts/2005/809_839/pages/809-839 Final.pdf

www.manaraa.com



78

US DOT — NHTSA (2008)National Motor Vehicle Crash Causation Survey Réepor
Congress, Report No. DOT HS 811 OR@trieved February 12, 2009 from
http://www.nhtsa.dot.gov/portal/nhtsa_static_filewshloader.jsp?file=/staticfiles
/IDOT/NHTSA/NCSA/Content/NMVCCS/811059. pdf

US DOT — NHTSA (2009)Fact Sheet - Speeding, Report No. DOT HS 810 998.
Retrived February 08 2009 from
http://www.nhtsa.dot.gov/portal/nhtsa_static_filewshloader.jsp?file=/staticfiles
/IDOT/NHTSA/NCSA/Content/TSF/2007/810998.pdf

Vercuryssen, M., Williams, G., Wade, M. G. (1995ghted guidance devices:
Intelligent work zone traffic control, Report NONNMRC - 96/05 St. Paul,
Minnesota: Minnesota Department of Transportatifirc® of Research
Administration.

Voigt, A. P., & Kuchangi, S. P. (200&valuation of chevron marking on freeway-to-
freeway connector ramps in Texas (Report 0-81%8)lage Station, Texas:
Texas Transportation Institute.

Warren, R. (1982)Optical transformations during movement: Reviewthefoptical
concomitants of egospeed. (Final technical reportGrant No. AFOSR-81-
0108) Columbus: Ohio State University, Department ofdPslogy, Aviation
Psychology Laboratory. In Larish, J. F. & Flachiv].(1990). Sources of optical
information useful for perception of speed of rautiar self-motionJournal of
Experimental Psychology: Human Perception and Rerémce. Vol. 16(2)295-
302

Wang, C., Dixon, K. K. & David, D. (2007). Evaluagj speed-reduciton strategies for
highway work zonesTransportation Research Record: Journal of the
Transportation Research Boartli§24, 44-53.

Wang, J., Hesar, S. G., & Collyer, C. E. (2007)did graphics to message sign
messageslransportation Research Record: Journal of the Bportation
Research Board, 20183 — 71.

Washington, S., Schalkwyk, I. V., Mitra, S., Meyst,, Dumbaugh, E. & Zoll, M.
(2006). NCHRP Report No. 546 — Incorporating safety long-range
transportation planning. Washington, DC: TranspgmmtaResearch Board.

Wickens, C. D. (1991). Processing resources aedtah. In D. L. Damodylultiple-task
performanceLondon: Taylor & Francis

Zwahlen, H. T. & Schnell, T. (1997). Visual detectiand recognition of fluorescent
color targets versus nonfluorescent color targets fanction of peripheral
viewing angle and target sizBsansportation Research Record: Journal of the
Transportation Research Board, 16@8-40.

www.manaraa.com



79

Zwahlen, H. T. & Schnell, T. (1999). Driver Previ®istances at Night Based on Driver
Eye Scanning Recordings as a Function of Pavemarkiy Retroreflectivities,
Transportation Research Record: Journal of the Fpantation Research Board,
1692 129-141.

www.manaraa.com




	Work zone safety intervention: perceptual countermeasure to speeding using synchronized warning lights
	Recommended Citation

	/var/tmp/StampPDF/EGQCaDiVDz/tmp.1286482323.pdf.Nogf6

