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EXECUTIVE SUMMARY

Work zones have become an essential and integral feature of U.S. highways. A work zone is set up
when there is a need for rehabilitation and construction on an existing roadway, which usually requires
theclosure of a traffic lane and/or shoulder. Howeiferot managed properly, a work zone can become

a burden or even a risk to the traffic. The goals that are set for work zone management, especially on
freeways, are to maintain a safe and efficient flow of traffic, decrease the injury risk to traffi@siser

well as to construction forces.

Intelligent work zones have been widely adopted in the United States because they have been
proven to improve traffic safety and operations. One specific work zone technology, known as
automatic queue detection (AQD3,designed to measure work zeméated queuing in redgime, and
inform drivers upstream so they may be prepared to slowdown or stopreplog describes an
evaluation of the performance and efficacy of the AQD systems installed at four locatiorerstatat
80 in Nebraska.

The AQD system involves a number of technologies.-Mémisive speed detectors are placed at
one or more locations within and/or upstream of the work zone. They are often placed at a location, or
locations, where queues may besazably expected to form. The AQD system also has one or more
portable dynamic message signs (PDMS) placed upstream of the work zone. Based orithe real
speeds measured by the speed detectors, the AQD system algorithmyg éggmtipriate messages to
display on the PDMS. The algorithms and the messages vary across vendors and states. For the AQD
systems examined in this study, when the downstream measured speeds drop below specific thresholds,
then the corresponding warning messages are posed on PRtsIdacated upstream of the work zone.

These messages indicate that there is slowing or stopped traffic ahead and the drivers should slow down
and be prepared to stop.

Specifically, (1) the system performance was verified by examining whether the swessag
displayed on the portable dynamic message signs (PDMS) were consistent with the underlying AQD
logic for the particular system being analyzed, and (2) the system efficacy was measured by determining
whether driver space mean speeds were reduced wheimgvaressages were provided on the PDMS.

It was found that the AQD systems were functioning well as evidenced by an error rate 6f 0.7%
2.3%. It was concluded that drivers did reduce their space mean speeds in response to the PDMS
warning displayindicating that there was slow or stopped traffic ahead. The decrease was found to be
statistically significant and in the range of 3.5 to 7 mph. This was approximately 90% greater than the
reduction in speed that occurred when the PDMS did not displaynaggage. In summary, it was
found that the AQD systems were operating correctly and, more importantly, they were effective in

reducing the space mean speeds of vehicles approaching work zones.



Results from the crash analysis show thastcrashes occuedin the ativity areaand arerear
encked. In addition, arash is more likely to occum weekday, off-peak hourin the daytime,no worker
presentat rural work zones. Arash is severer whedriversdriving drunk, during the @dytime,on
weekday, and nore vehicleareinvolved

For crash occurred work zone areas, according to the model redudtisca warningnd tansition
areas neetb pay attention t@oad conditions (e.g., worn, obstruction, debris), AADdavy vehicls,
rural areasanddriver age younger than 25 yeaictivity areas need to pay attentionwmrk zone
type,heavy vehicleand airvature. Lastly,érmination aresneed to pay attention taghttime,weekend,
driving impaired (alcohol),young driver,and oad conditionsFinally, the effect of the COVID
intervention on480 crashess evaluated.

In summary, this report first reviews the representative research on the performance of AQD
systems. Next, four test sites 680 in Nebraska and the data collection process are dedciilben,
the analysis of the data is conducted, followed by a statistical analysis designed to make inferences on
the efficacy of the AQD systertrash models are developed to study the safety features at work zones,
taking into account of COVID impac€onclusions and recommendations are proviaigtie end of

thereport



1. INTRODUCTION

A work zone can be described as a section of the roadway where construction or maintenance road
activities are being undertaken, and they typically have driver warning signs or signals to control vehicle
movement from the beginning to the end of the affécbadway section. Lane closures, especially on
freeways, contravenes driversoO6 expectations, red
work zone workers to passing vehicles. If the controls are not properly managed, long queues may be
formedthat increase delays and reard collisions.

In 2015, work zone crashes caused 35,000 injuries and 700 fatalities (Paracha and Ostroff, 2018).
The objective of work zone control signs is to manage and balance the mobility and safety challenges
that typcally exist in work zonedJllman & Schroeder, 2034Intelligent Transportation Systems (ITS)
are often applied by the State Department of Transportation (DOTS) to achieve the mobility and safety
objectives of work zones.

In the last two decades, ITS s have been widely promoted in the United States. Among them,
an increasingly popular option is the automated queue detéégid) system. The goal of AQD
systems is to 1) identify locations of unstable flow, 2) provide information to upstream drivers
advance of these areas of unstable flow, and 3) based on information provided to siateeishem
take the appropriate actiofhis action could include slowing down and/or being prepared tandtep

it becomes necessary
11. I ntelligent Womnkh Zore w@lWwz

Work zone sites in the United States often have lower or restricted speed limits, because excessive
vehicle speeds and high variations in speed have been identified as two of the major contributing factors
in crashesl(i and Bai, 2009 The information on the restricted speed limits historicallg haen
provided using standard traffic regulatory signs located upstream of the work zone

Unfortunately, studies have shown that drivers do not always daww in response to these
upstream traffispeed signfGarber and Patel, 1995)his could be problematic, particularly when the
work zone is causing queueing that is hidden from the view of oncoming drivers. Drivers may not be

aware of the queueing for a number of reasons including roadway gdmg., poor sight lines due

13



to vertical alignment), environmental factors (e.g., snow, rain, glare, etc.), sight obstruction (e.g., large
trucks), etc. When these situations occur drivers may have limited ability to reduce their speeds before
encountang the queued vehicles, which increases the likelihood of a crash.

Traditionally, the construction work zone may equip with static message signs or changeable
message sigrthatdo not provide redime information on the expected travel time, detayperating
speed To overcome these issues, the fAintelligent
projects, especially on freeways.

Intelligent work zone (IWZ) system utilizes sensors, communications, and computers to get the
reattime traffic conditions and provide dynamic information to the road users. In general, the system
is portable and reliable and operates automatically and irtimeal The IWZ system is beneficial
because the motorists are provided with-temaé information so thahey will not be surprised when
delay, slow speed, or queue, as vehicles ahead suddenly begin to brake, which the behavior is
hypothesized to contribute to reamd accidents.

On freeways, there is often a dynamic queue detection system as part of thetiNvZosalert
approaching drivers of stopped or slovoving vehicles and avoid reand collisions. In 2015, the
Federal Highway AdministratiorFHWA) launched the IWZ initiative to assist state DOTSs to better
manage work zones to improve safety and mobility. Typically, IN& applications serve a
combination of the purposesich asspeed monitoringtravel time displayincident detection and
surveillance over-height vehicle warningandend-of-queue detection.

Figurel.1 shows a standard freeway IWZ layout in Nebragktypical IWZ setup that invives
theadvancegueue detectimfunctionincludesnonintrusive speed detectors placed at or near the taper
of the work zoneanda series ofportable dynamic message sigfPDMS)placed on both sides of the

road a few miles upstream of the work zémeinformation release.

14
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Figurel.1 Layout of the NDOT intelligent work zone
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12. Advance Queue Detection (AQD) Systems

Since 2019, the Nebraska Department of Transportation (NDOT) has implemented AQD systems on
select Interstate 80 work zones. The AQD is one type of IWZ that focuses on detecting the queue, slow
or stop traffic near the work zone, and infamm the upstream motorists of the proper actions.
Specifically, an AQD traffic management system is designétentify critical changes in speed within

or preceding the work zone and commuredhis information to drivers upstream. The hope is that by
providing accurate redime information to the drivers, approach speeds will decrease, particularly
during imes of congestion, and safety will be improved.

The AQD system is typically installed on work zones where there is (1) significant congestion and
associated slowing or stopped vehicles and (2) sight line issues that preclude drivers from identifying
the dowing/stopped vehicles. These types of work zones usually have one or more lanes of traffic closed.
Note that periods of peak demand often occur during holiday perpatsicularly in the western, rural

areas of the state. The system structures canrdifsed as shown ifrigure1.2.

PDMS Speed Sensor
NG o Camera
" ~ Private
Compgtatlon < Storage [+* Website (|
Algorithms “J public

Central Processing System

Figurel.2. the framework zoneneAQD system

The speed sensors loed at the beginning ahe work zone first detect the retime speed and
sendit back to the central processing system. A computation algorithm of the speed (e.g., rolling
average) will be used to feed the PDMS with predefined warning messages. A sché@ageam of a

typical Nebraska AQD system is illustratedHigure 1.3.
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Speed
! Detector

Figurel.3. The layout of the Nebraska AQD system (not to scale)

It may be seen that the speed detector typically is placed at or near the taper of the work zone. The
detector is used to measuhe instantaneous speed at this locati®ypically, the AQD system takes
these individual instantaneous speed values and estimatagmaté or 5minute rolling average speed.
Intuitively, if the average speed is low (e.g., lower than adefned speethreshold, it indicates a
slow-movingqueue has formed or is forming which represemazardsituation for orcoming traffic.
In addition, the AQD system also includes a set of PDMS placed upstream of the work zone on
both sides of the road. The AQD system providestiga information tothe drivers through the
messages posted on the PDMS. For example, it may be seguial.3, based on the instantaneous
speeds measured by the spdetector in the work zone, the AQD system has detabsgdhere is
stopped trafficat the beginning of the work zomad has posted a message that approaching drivers
should be prepared to stop.
Given different traffic conditionat work zonesNDOT provides a typical setting of the PDMS
display in accordance with the calculated speed, as shoWabie1.1. As a function of the estimated
rolling averag@ speeds, one of three standard warning messages will be displayed on the PDMS.
I f the rolling average speed is | ess than 2
AHEAD, PREPARE TO STOPO is displayed on the
status é6r the remainder of theeport
I f the rolling average speed is between 25
TRAFFI C AHEAD, SLOW DOWNO is displayed. Thi s

for the remainder of theeport
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If the rolling average s®d is greater than 45 mph, no warning message is displayed. The
PDMS simply displays nothing or places four asterisks at the corners of the sign. This will be

referred to as ANONEO rmporatus for the remaind

Tablel.1. Predefined speed and message

La8mi i n average sp(PDMS message
V245
SLOW
25 < V < 45 TRAFFIC
AHEAD
STOPPED
VeE25 TRAFFIC
AHEAD

It is important to note the warning messages follow the MUTCD guidance. In particular, the
messagepr ovi ded during the ASTOPO and ASLOWO stat us
when the AQD is in ASTOPO status the phrase AST!
foll owed by the phrase APREPARE TQ atSfireaeeconid These
intervals until the STOP status phase is no longer active.

Note that the AQD system is adopted by the NDOT on some of their freeway work zone projects.

The settings of the AQD system are location specific and depend on the traffic coradit
construction intensity at the work zones. In fact, the AQD design is based on the characteristics of the
work zone site. The NDOT operations engineers, in consultation with the AQD operators, may decide
that for complex work zones (e.g., how mantedrs and PDMS are required, where these should be
placed, and the values of the operating parameters). For example, more than one speed detector may be
required to provide information to the AQD algorithm. In addition, the location and nhumber of PDMS
units will be a function of the expected queue length at each test site. Intuitively, it is important to place
the PDMS well upstream of the expected enthefjueue so drivers will have the time to adjust their
speeds in response to the information pradida the PDMS. The distance of the upstream location

wi | | be based on the characteristics of the site
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13. Obj ecst iamal Benefits

The first objective of the study will be to determine whether the AQD system is performing adequatel

For example, the researchers will ascertain whether the correct messages are being displayed on the
PDMS for given traffic conditions at the AQD detectors. For instance, if the AQD system identifies a
gueue, the research will confirm that the correcssage is displayed on the PDMS upstream of the
gueue. The hypothesis that will be tested is that the correct message is displayed X percent of the time.
The acceptable range used will be identified by the TAC. The hypothesis tested is shown below:

Ho: The AQD system displays the correct message within an acceptable range (e.g., X percent

of the time).

The second objective of the study will be to ascertain how the drivers react to the messages
displayed on the PDMS. It is expected that when the drivermtormed that a queue is present ahead
of them, they will slow down. The amount of speed reduction will be quantified as a function of distance
from the PDMS. The hypothesis that will be tested is that the drivers will, on average, drive slower in
respmse to the queumelated PDMS messages. In other words, the average speed in the vicinity of the
PDMS wi | | be | ower when a fAstop/slow traffic ah
iroadwork aheadd message i sendof-queue wilybe donitored te o , t he
determine whether the response of drivers is linked to the message on the PDMS and ndigttte tail
of vehicles at the endf-queue. The delay associated with the work zone will also be estimated from
the empirical dataising the Highway Capacity Manual 6th version (HCM6) methodology [3]. The
hypothesis tested is shown below:

Ho: A statistically significant decrease in average speed will occur when the PDMS indicates

that the drivers should be prepared to stop becaug@eue has been detected ahead.

The third objective of the study will be to determine if crash rates are lower on the SWZ equipped
with the AQD system and will compare them to crashes on work zones without the AQD system using
statistical theory. Note th#lhe static signage at both types of locations will be consistent with NDOT
practice. The focus will be on reand crashes, but all types of crashes will be examined. The hypothesis
tested is shown below:

Ho: The crash rate for work zones equipped with tAR@D system will be lower than work zones

that are not equipped with the AQD system.
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The insights gained from this research will improve the safety and efficiency of operations at
freeway work zones within the State of Nebraska. There are four main benefit

a. The functionality of the current AQD system will be validated using empirical data. In addition,
any potential modifications and improvements will be identified;

b. The efficacy of the systems as measured by a reduction in average vehicle speed mma funct
of distance from the PDMS and the message displayed on the PDMS will be quantified;

c. The crash reduction rates associated with the AQD systems will be quantitatively identified;

d. The NDOT benefit/cost procedure for the AQD system deployment will beavedl. This will
help NDOT refine the criteria used to justify the deployment of the AQD systems and

determine when AQD systems should be used in work zones, etc.

The results of this project, including the validation of the NDOT benefit/cost procedilrés|py
NDOT engineers in deciding 1) when a lane closure may be used, 2) the length of time the lane closure
should be active, and 3) whether an AQD system should be installed. The results can also provide
evidence of compliance amongst drivers so NDQily monsider complementary systems. For example,

enforcement may be used if the systems are foundompliant.
14 The Scope and Retproudature of the

The project focuses on those IWZs on Inters&ftan Nebraskavhere AQD sgtems are instéed.
Specificdly, it aims to evaluate the effectiveness of the AQD systetnish aredesigned for the
application in Nebraska work zones.

The report will start with a comprehensive literature review on the engineering practices of the
AQD systems applied in different states. Chapter 3 describes the data collection efforts at the selected
work zone test sites, followed by data processing phaes. Crash analysis and modeliage
conducted in Chapter 5, and the COVID influence on the traffic crashes is considered in Chapter 6.
Results are summarized in Chapter 7 as evidehtiee objectives proposed in this project. Finally,

conclusions and recommendations are provided.
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2. LITERAT URE REVIEW

Because of the dynamic nature of work zones, in terms of traffic volumes and continuous changes in
lane or section locationportable sensors that are integrated with portable dynamic message signs
(PDMS) are often deployed for reine ITS data collection and analysisuttrell et al. 2008 and
provide actionable driver information. The integration is referred to as a smarter work zone (SWZ) or
work zone ITS or Intelligent Work Zone (IWZ). The IWZs are often temporarily deployed to
dynamicaly control traffic that is within or approaching the work zpespecially on higispeed
highways(Paracha and Ostroff, 2018).

The automatic queue detection system (AQD) is an essential component of the queue warning
system to alert drivers of safety isswesised by slowed or stopped vehicles on freeways at the tapers
of a work zone. Essentially, the AQD system measures the speed at various locations and relays real
time information upstream to a portable dynamic message sign (PDMS). The goal of theisystem
warn drivers about upcoming queues ahead. If no queues are detected, the PDMS simply informs
driversof road works ahead. The system is designed to reduce vehicle speeds as they approach the
gueue and/or work zone, and therefore reduce the riskrefirend crash(Hourdos, 2019)The
following subsections summarize existing queue detection systems in some selected states in the

Midwest.
21. Work Zone Speed Management Systems

Negative driver behavior incling speeding, following too closely, and suddesilywing or stopping,
has been reported as the most common contributing factor feemdasrashes in work zones (Raub,
2001;Akepati and Dissanayake, 2011t)is assumed that if transportation agencies could reduce speed
in the work zone and inform divs of upcoming queues in rdahe, it would reduce the number of
rearend crashesThis will make the work zone safer for both construction workers and the traveling
public.

There are various speed management technidnaéscan be used in work zones lswas the
presence of law enforcement (e.g., police vehicle), paoforcement, flaggers, rumble strips, and
providing realtime variable speed advisories. Using dynamic message signs (DMS), which are also

called changeable message signs (CMS) or variabsage signs (VMS), to provide information to
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drivers upstream of the work zones has been identified in the literature as one of the most effective
technigues for reducing speedin(et al., 2004.

The use of the DMS to provide reiithe information to drivers in order to reduce vehicle speeds
can be roughly divided into two categories. In the first category, the general design involved a DMS
connected to a radar unit generally in close proximittheowork zone. The radar unit was used to
measurethe instantaneous speeds of vehicles as they approached the work zone. The instantaneous
speed was then displayed on the DMS so that the driver could see their speed and, more importantly,
whether this spe&kwas higher than the speed limit. The goal of the system was to inform drivers of
their current speeds, warn drivers when they were exceeding the speed limit, and hopefully result in a
lowering of the speeds of those driveriso had beerxceeding the spd limit at or approaung the
work zone(Wang et al., 2003

The second category uses a Portable DMS (i.e., PDMS) as an integral part of the AQD system.
The PDMS provides information on reisthe speeds of the traffic downstream from the PDMS rather
than speed information on an individual vehicle at the PDMS. In this system, the PDMS is located
upstream of where the instability in speed (e.g., slowing or stopped vehicles) is expected to occur. Note
that the exact location of the PDMS depends on the desistics of both the vehicle traffic and the
work zone. This will be discussed in detail later.

The AQD systems were first developed in the early 19K@snfode et al., 1970; Dudek et,al.
1978a;Dudek et al. 1978h) and in recent years have been adofigdnany State Departments of
Transportation including those of Michigan, Wisconsin, Texas, Minnesota, Illinois (Hallmark, et. al.,
2020). Their effectiveness was usually assessed by driver compliance, as measured by instantaneous
speed, with the informatiwl, advisory, or warning message that is displayed on the DMS/PDMS. In
practice, a large number of studies have observed that work zone instantaneous speeds at specific
locations were reduced as a result of DMS/PDMS implementatadie2.1 summarized the results of
representative studies on the effectiveness of DMS/PDMS atspigddintelligent work zonesin

literature.
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Table2.1. Studies of the Speed Management Techniques Using DMS/PDMS

WZ Location | Site Message Sign| Message Speed
Research Speed
&Type Informatiorf | Location Display Variation
Richards | I-10in Volume = At the work Advisory 3-9 No  sig.
et al., Texas, urban| 1550 vph, Zone taper speed and/o| mph change
1986 6-lane Truck = informational | decrease
freeway 20%, message
PSL=60mph,
RSL=40 mph
Garber [-81 in Volume = At the work AHI gh 0.7-5.6 | Decrease
and Patel,| Virginia, 24000 vpd, | zone taper Slow mph
1995 urban 4lane | PSL = 65 Do wn 0 ; | decrease
freeway mph, RSL = AYou A
55 mph Speeding,
Sl ow D
McCoy et | 1-80 in Volume = At the work Current 4-5 No sig.
al., 1995 | Nebraska, 38000 vpd, | zone taper speed display mph change
urban 4lane | Truck = decrease
freeway 21%, PSL =
75 mph, RSL
=55 mph
Fontaine | US-62 in Volume = 0.439i1 0.587 | Current Cap- |-
and Texas, rural | 1000 vpd, mile upstream | speed display 9 mph
Carlson, | 2-lane PSL =70 of the work decreas€
2001 highway mph Zone taper ;Truc
3-10
mph
decrease
Wang et | Georgia, Truck% = At the work AYou A|7-8 Decrease
al., 2003 | rural 2lane | 35%, RSL= | zone taper Speeding, mph
highway 45 mph Slow Down | decrease
Nowo ;
AActi v
Work Zone,
Reduce
Speedo
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King et [-70 in PSL =70 2and5miles |fi Act ua|7mph Decrease
al., 2004 | Missouri, mph upstream of | Speeds decrease
urban 4lane the work zone | Ahead/xx
highway mp h o ;
Traffic/xx
miles
Aheado
Mattox Il | SC219, Volume = within work Speed 276 -
etal., SC290, SC74 122-250 vph; | zone activated mph
2007 in South PSL =45 sign: decrease
Carolina, 2 | mph Are
lanehi g h w Speeding If
Fl ashi
Zechet |1-90in New | PSL =65 0.291 0857 |i . ARi [33-6.7]0.2-20
al., 2008 | York, rural mph RSL= | mileupstream|L ane C| mph mph
four-lane 45 mph of the work Ke e p L |decreasg increase
freeway zone i AWZ Mg forii for i
Speed No sig. | to 1.13
MP H, change | mph
Pr epar |foriand| change
Stap iilfii foriand
ALeft L il
Cl osed
Ri @ht
Li et|US36and | Volume = 0.284 mile ARoad 4.7 mph | -
2010 |US73in 34007 3630 | upstream of Ahead, Slow | decrease
Kansas, rural| vpd, PSL= | the work zone | Do wn 0
two-lane 65 mph, RSL
highway =45 mph
Huang K-13in Volume = 0.1 mile AWor k 8mph |-
and Bai, | Kansas, rurall 1200 vpd, upstream of Ahead, Slow | decrease
2014 two-lane PSL =65 the work zone | Do wn 0 ;
highway mph AFl agg
Ahead
Prepare to
Stopo
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Do me n| Fourlane PSL =80 0.43 mile AReduc|5. 7 1.8 mph
i ni el highway mph upstreamof |Speedo|decr ¢increase
20417 | using the work zone

simulator
Bham |1-44in PSL =70 1.5,2.3,3.9, | Caution, W |9 . 35 | Increase
Leu, Missouri, mph and 5.6 mi Ahead, 48.9

rural 4-lane upstream of | Reduce mp h

highway wz Speed, etc. [dec T ¢

2PSL = post speed limit at nemork zone; RSL = Regulatory speed limit at work zone

® The speed evaluated in the literature refers to the time mean speed (spot speed).

¢ Seversites were tested intotal aBL and46 4 wi t h

and

fReduced

Speed

i n Wo

ot her

rk Zon

messages

e .

0

of i Exc

4 The change of mean speed and speed variaticalculated using values at Site B minus values at

Site A.

Although extensie empirical research on the performance of PDMS has been done, there are still

gaps in the literature. For example, while all of the studies listed in Table 1 reported a reduction in work

zone time mean speeds, the magnitude of the speed reductiorexaoesithe sites. More importantly,

the few studies that did examine the variability of speeds in the work zone arrived at conflicting

conclusions. In other words, it is still an open question on whether the use of PDMS to provide real

time information impcts the variability of work zone speeds.

Furthemore, studies in literature analyzed the effectiveness of the system by comparing the time

mean speeds upstream and downstream from the PDMS locations. By definition, time mean speed,

which is measured a penular point in the work zone, may not capture driver speed changes along the

entire road segment. This is particularly true when traffic is congekiied €t al., 2013) In this

situation using space mean speed, which is taken over a definite lengéuwby, may provide more

meani ngf ul

speed at one location.

resul ts

as it

wonot

be

as

susthepti bl e

In addition, some studies found that the PDMS was no more effective than traditional speed

managemenethniques (e.g., static signage) in reducing sp@¢dSoy and Pesti, 2002; Huebschman

et al., 2003)In these situations, the authors attributed this to a humber of factors including PDMS

location (e.g., too far from work zone), traffic flow conditiong(euncongested), and/or road geometry

restrictions. Therefore, while the AQD system has been shown to be effective, many authors have

indicated that these systems have to be designed for the specific work zone conditions in order for them

to achieve maxnum effectivenes@Middleton et al., 2011; Ullman et al., 2014; Azimi et al., 2021).

This study investigates AQD systems that have been implemented on Interstate Highway work

zones in Nebraska. These AQD systems consist of a downstream speed deteetiothay$teds real
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time speed estimates to upstream PDMS. First, the operation of the AQD system was verified by
examining the measured space mean speeds at the AQD detector locations and ensuring that the
associated PDMS messages were consistent witlmitherlying system logic. Second, the behavior of
drivers, as a function of the message on the PDMS, was studied by comparing empirical travel times
(e.g., space mean speed) of vehicles on the freeway segments immediately upstream and downstream
of the PDMS Note that individual vehicle travel time information is not collected as part of the AQD
system. To the authdrenowledge, this is the first study that evaluates the effectiveness of an AQD
system using travel time (e.g., reciprocal of space mean spesdoadway segments rather than time

mean speed at select locations.

22. AQD Applications among DOTs

Several state DOTs have deployed IWZ applications provided by the state themselves or through
various private suppliers over the years. The characterstiaries of the IWZ are that they should be
portable, automated, and reliable to obtain and analyze traffic data {timrealExamples of IWZ
systems include batrenot limited to the following: Traffic Information and Prediction System (TIPS),
Advance Sped Information System (ASIS), Computerized Highway Information System (CHIPS),
ITSWorkzone, Automated Data Acquisition and Processing of Traffic Information in-tireal
(ADAPTIR), the Automated Information Management System (AIMS), etc. A detailed pliscrof
some of the existing IWZ can be found elsewhere (Pant, 2017). A review of the literature shows that all
IWZ works with the objective of one or more of the followilagctions

Construction Equipment Alerisintended to inform motoris@bout a construction vehicle in

the traffic stream.

Travel Time Display Provides travel time information to assist motorists to make informed

route choice decisions.

Incident Detection and SurveillangéeThe objective is to provide incident informatiom

motorists as they happen and enable faster response times to incidents.

OverHeight Vehicle Warning Provides warning alerts to motorists in advance for work

zones with low structures.

Speed Monitoring To enhance the compliance of speed reductimts facilitate uniform

speeds.

Queue Detectioin The objective is to address the safety issues caused by slowed or stopped

vehicles on freeways at the approaches to a work zone.

Over the past two decades, there have been several studies on the bieiitspplications.
This section gives a review of the efforts by the Federal Highway Administration, state DOTs, and
academia. The FHWA website describes IWZ applications and provides reports that overview concepts,

guidance, and benefits of IWZ. Accordito PantPant 2017), these reports outline the characteristics
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of an IWZ system and provide motorists with actionable information intieed within a work zone
(Scriba and Atkinsor2014) outlined costs of deployment, troubleshooting, different IT@pegent in
existence, and of course the variation of the needs of work zones.

In 2014, the FHWA developednadWZ Implementation Guide to assist in the design and
implementation of IWZUlIman et al., 2014). This was followed by the IWZ initiative as parbond
three of the Evernpay Counts program (Paracha and Ostroff, 20L8. FHWA launched the SWZ or
IWZ initiative in 2015 to encourage and assist state DOTs/agencies to produce better work zone
operating plans. According to the FHWA, this initiativeshcontributed to minimiag travel delays,
enhaning safety, and maintaing access to business and residential facilities. Also, the FHWA has
developed & IWZ implementation Tool as a software application to the Guide that supports
independent decisiemaking on IWZ deployment. These documents can be accessed via the FHWA
website (FHWA, 2022).

Many state DOTs have undertaken stsdio evaluate IWZs and produced guides to help achieve
mobility and safety metrics in the implementation of IWZs. A good sargraf the IWZ applications
and results from cadey-case study efforts can be found iprajectreportcompleted bythe Arizona
DOT, where it may be seen that tihetallation ofl[WZs result in mobility and safety improvements
(ADOT, 2019).

Currently, nany state DOTs are implementing IWZs in an integrated way to achieve two or more
objectives within the same system implementation. For exathpléansas DOT implementethIWZ
system that has both dynamic lane merge and queue warning sgsmapproxnate cost of $840 a
day (KDOT, cited in ADOT, 2019)There is a growing recognition thahe of the major safety
measures in freeway work zones is to address the issue of the back of queue crashes by installing

automatic queue warning systems.

lllinois DOT
lllinois DOT (IDOT) began the installation of queue detection systems in the early 2000s because of
the incidents of a severe crashtbel-57 (Hallmark et al., 2020). IDOT has two queue detection system
approaches used for lottgrm and shofterm prgects. The latter is usually ezall and use for projects
that span two weeks or less. It is alowst alternative to the loAgrm system setup. More importantly,
the specific equipment for the queue detection systems is determined by the traffic acmnpany
that wins the bid and not by IDOT. The interstate or highway selection criteria for a queue detection
system are based on conditions that cause more than five minutes of delay, a mile of the backup queue,
and other traffic patterns. According tdllman & Schroeder Yllman & Schroeder2014), the
evaluation of a queuing system in lllinois resulted in a 14% decrease in queuing crashes and an 11%
decrease in injury crashes. Another study resulted in a 13.8% reduction-@ndearashesRoelofs
andBrookes, 2014).
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lowa DOT
In lowa, Traffic Management Centers (TMC) are used in the IWZ operationstiRedravel data is
collected using sensors and cameras and sent to the TMC via a machine learning algorithm
(Kinckerbocker et al., 2018). The TMC Op#ors then sent actionable messages to PDMS, social media,
and the 511 system. There are four levels of speed limits that the logic is being implemented: at 70 mph
(normal conditions, no message), at 55 mph (advised), 45 mph (advised), and 35 mph (ddwiged)
uses the TransSuite transportation management system for queue alerts. A typical message displayed
on the PDMS relating to the estimated speed is as foldidsbelow the fredlow speed at a given
threshold-6 S| ow Tr af fi ¢ A hpeea threghold(025)t olpegleaw Tirrad f$ ¢ Ahe
when speeds are regairied Tr af f i ¢ Del ays Possible for up to XX

of the work zone (Hallmark et al., 2020).

Kansas DOT
In addition to the actionable information on PDM&ffic and video data are supplied to the Kansas
City Traffic Management Center (http://www.kcscout.net/) to assist early incident detection and traffic
flow conditions. In Kansas, the general public is able to obtain work zontmeatraffic informaton
online wusing J &8Bedsaeg2Dl¥ Acsordmd ta (Hallmarknet af., 2020), there was a

50% traffic diversion when the PDMS displayed a delay of 7 minutes or more.

Michigan DOT
Michigan DOT started implementing IWZ over a deeddDOT, 2019).The study on the queue
warning system in Michigan DOT started in 2012 and has then been standardized (Hallmark et al.,
2020). The placement of queue warning systems is based on the following roadway characteristics (e.qg.,
peak hour lane chure, one or mormile queue length) and at least an automatic queue advisory and
speedbased IWZ systems are deployed. The evaluation of the impact of the queue warning systems in
Michigan has resulted in a 60% to 40% percent reduction of totabnehecashes (Hallmark et al.,
2020).

Minnesota DOT
Minnesota DOT uses an IWZ Toolbox that provides the basis for various ITS work zone system
selection(MnDOT, 2008. Similar tothe operation of the queue warning systems in the other states, the
MnDOT system provides congestion notifications and alerts motorists of a traffic stop ansiomg
traffic. The MnDOT systemequires PDMSs to be incrementally spaced and automataxtilyated
when the queue is within a mile away from the PDMS location. The messages on the PDMS switches
from APrepare to Stopo when qu eisiusesl fomother pudpesese ct e d
According to Hallmark et al., (2020), an evdloa of the system set up in Minneapolis showed that the

gueue detection was within +5 seconds from when the empirical queue was observed. The overall true
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positive queue detection rate was 84% which ranges from 74% to 9&ncther study resulted in a
22% and 54% decrease in crashes and-aeehes (Hourdos et al. 2017).

Missouri DOT
In Missouri, queue length detectors in combination with other ITS equipment are used to monitor and
provide actionable information to motorists via PDM®e system uses éhTransSuite software in
combination with HERE probe speed data to monitor speeds and display information to motorists at
varying speed thresholds. According to Clark et al. (2017), the system is effective in supporting smooth

traffic flow, advisng motorists, and provithg warnings.

Texas DOT
In Texas, an integrated system developed by the Texas Transportation Institute is used to monitor the
work zone and disseminate motorist information. The system aims to automatically detect and predict
gueue formation and disseminate actionable informatianc h as O6sl ow and stopp:¢
According to Habermann (2015), before the deployment of the systkate is an agreed concept of
operations with stakeholders and the public. An evaluation of one of the queue warning systems set up
in Houston esulted in a decrease in speed variance, a 55% reduction in forced lane changes, and a 2%

to 3% reduction in erratic maneuvers (Pesti et al. 2008).

Wisconsin DOT
The Wisconsin DOT completed a study to evaluate a work zone queue warning system in Manitowoc
County along4#43. This study was initiated because of the spike in work zone crashes and fatalities in
2015. The main objective was to collect and analyze speed data in and on the tapers of the work zone
to determine driver behavior. The study companesites from a similar project without the queue
warning system. According to the Wisconsin DOT cited in Hallmark et al. (2020), it was found that

there were 15% and 65% decreases in quela¢ed crashes and injury crashes, respectively.

23. Summary

Theliterature review has shown that there is a growing interest in the use of smart work zones during
road construction, especially on interstates. There are numerous settings employed by several state
DOTs However, the basic characteristics of these smart sysiemihat they need to be automated,
reliable, and portable to obtain and analyze traffic data iatirma) andthencommunicate actionable
information to motorists.

Intelligentwork zones are designed with the goal to enhance safety and mobility byyamgpl
sensors, estimation algorithms, and traffic management strategies. The evaluation ioteHigemnt

work zones has resulted in considerable positive results on safety and mobility through the back of
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gueue management, safe lane merging, speedtreds, facilitaing uniform speeds, route diversion,
and othetraffic controltechniqus.

One of the major safety measures in freeway work zones is to address the issue of back of queue
crashes. State DOTs have deployed automatic queue warning sysfmade visual warnings and
actionable information to ideally help drivers to prepare for siwwving or stopped traffic in and
around the work zone.

It is the hope of many state DOTSs that, drivers comply and take the needed actions. However,
drivers areoften distracted and may fail to read alerts or recognize warning signs especially when signs
areafew miles away from the tapers of the active work zone. In other cases, drivers just fail to comply
with the warning signs they receive. This report evasidhe effectiveness of the automatic queue
detection system and estimates the compliance rate of drivers approaching the work zone after

displaying actionable information.
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3. DATA COLLECTION

To evaluate the effectiveness of the AQD system, one of the critical traffic conditions is there should
be slowmoving traffic, or queues, in the work zone so that a type of warning message will be displayed
and conveyed to upstream drivers. Thereforeprmanhand, higivolume traffic is expected durirthe

data collection period to form queues at the beginning of work zones. On the other hand, the queues
shouldbe far from reaching the upstream PDMS locations so drivers would see the warning message
beforeseeing the end of the queue. This was not that difficult to reach in normal conditions since at
least one lane will be closed at the test site, which will naturally generate a merging bottleneck, as

shown inFigure3.1.
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Figure3.1 Data collection on queued traffic conditionsa&¢st site

However, under the influence of the COVID pandemic and itsierventions, traffic flow was
dramatically reduced during the work zone activation seasons. Heavily congested traffic scenarios were
rarely observed. Therefore, the data collection of travel times at PDMS has to be conducted in a two
phase manner. Notedlimpact of COVID19 on the traffic performance of the work zone test sites will

also be studied later in this report.

31. Preliminary Studies and Test Site Selectio

Before conducting holistic data collection, preliminary studies were performed to undetbs&and
function of the AQD systems and select the work zone test sites. AQD systems provided speed at the
taper of the work zone merging area (i.e., beginning of the work zone) -atila ibterval, which
activates a warning message witke time and contentnformation to the PDMS. Depending on
different settings, more speed detectors-atilé and/or 2mile upstream of the work zone may also be
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available, although these speeds are not used to feed the warning message according to the AQD
algorithm.In addition, the AQD systems also provided vehicle counts, large vehicle counts, etc.
To this end, data from the AQD systems at Big Springs (Westbe8ajltest site was obtained.
The traffic volume and heavy vehicle percentage data in the week of Septemb&eptaimber 20,
2020, vere compared to manually observed data from cameras on September 20Fig02€3.2

shows the verification of the traffic counts
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Figure3.2. Data verification for the traffic counts at Big Sprif®@haded area indicates the data varies

in a week from Sep. 14 to Sep. 20, 2020. Solid curve representiagmata from Sep. 20, 2020, and

the dotted points are fielabseration at the same time and location)

As the core algorithm of the AQD systems, average speed and warning messages are obtained and

studied Figure3.3 provides an example of the AQD data with sporadic slow or stop traffieatork
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zone, which green, yellow, and red colored timeframes indicating the display content on the PDMS
were STAR, SLOW, and STOP, respectively.
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Figure3.3. lllustration of a speed and message matching ebeaatBig Springs

Intuitively, Figure 3.3 shows the released message matches the detected speed very well. There
may be inconsistency (i.e., error) where the warning message was eisplaywe ver it shou

according to the calcuiad average speed, as arrows markefigare 3.3 ! r.1In

those cases, the speeds were above 45 mph, howevieg these periods the PDMS displaybkd
SLOW warning message (timeframes were indicated in yellow color).

Note all thespeed and warning message data are provided from AQD systéunther statistical
study will report a quantitative resultthie matching rate atffierent locations. The preliminary studies
help to identify possible problems that need attention.

It is anticipated that the criteria used to select the test sites will include:

a) Work zone location (e.g., urban, rutal)

b) Number of lmes (e.g., 30-2, 2to-1),

c) Traffic density

d) Truck percentage

e) Road geometry (e.g., grade, curvatuasd

f) Presence of existing AQD system

Although listed in the last, many time the presence of existing AQD systems that are avaible as
test site is crital. This is due to the fact that NDOT has not widely installed AQD systems for the
construction work onriterstate. Finallyall the studysites are identified in consultation with the TAC

and NDOT traffic engineers
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32. AQD Speed and Warni Message Data Coll

ng

Based on the prelimary results of the AQRIatafrom all available IWZs on-80 in Nebraskafour
test sitesvereselectedo stuly the effectiveness of the functionality of the AQD systems. Specifically,
the goal was to make sure the AQD systems work functionally as expected. Datiaeffoun selected
test sites, as shown Figure3.4, were obtained to analyze the system errors during the study period.
Test site 1, located near Wood River, NE, involved a reduction from two lanes to one lane in the
eastbound direction. As shownFigure3.4 (a), the AQD system consisted of a speed detector that was
located at the taper of the lane closure. It also included two sets of PDEIStsTland second PDMS
waslocated approximately 1 mile and 5 miles upstream of the speed detector, respectively.
Test site 2, located near Ashland NE, had a reduction from three lanes to two lanes in the
westbound direction. Similar to Test Site 1, theexd detector was located at the taper of the work zone.
As shown in Figure 3.4 (b), the test site also utilized two sets of PDMS, which were located

approximately 1.5 miles and 2.5 miles upstream of the speed detector, respectively.
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(c) Waco test site (d) Big Springs test site
Figure3.4 Layout of the AQD systems at different test sites. The blue cross indicates lane closure.

The AQD system made of speed detector and P3NfSred triangle and rectangle, respectively.

Figure3.4 (c) shows the Waco test site. This work zone had a reduction from two lanes to one lane

in the westbound direction. It also utilized two sets of PDMS located upstream of the speed detector.
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The first was locatkapproximately 1 mile upstream and the second was located approximately 3 miles
upstream.

The AQD systems at the Big Springs test site, as can be sé@uire3.4 (d), weremore complex
because the work zone was located at the interchange of two Interstate highway8Qeagd #76)
and was approximately 5 miles long. This work zone had a reduction from two lanes to one lane in the
westbound dire@in. Because this work zone included multiple construction activities, the designers
chose to utilize two speed detectors. The first detector was installed at the taper of the Work Zone. The
second detector was installed approximately 3.5 miles downstreanthe first detector and was used
to measure vehicle speed within the work zone.

The AQD logic was such that the lowest rolling average speed from the two speed detectors was
used at the input to the AQD algorithm. In other words, the lowest rolliacage speed was used to
identify which message to display on the upstream PDMS. This test site also utilized two sets of PDMS
located upstream of the speed detector. The first and second PDMS sets were located approximately 1
mile and 3 miles upstream dfet work zone, respectively. Both sets of PDMS were designed to display
the same message simultaneously.

The summary of the AQD data collection at the four locations is shoWwahle3.1.

Table3.1 Summary of the AQD data collection

Test site Wood River  Ashland Waco Big Springs
AADT (vpd)* 21811 43074 25245 15070
Heavyvehicle percentage* 36.6% 17.4% 33.5% 47.1%
Lane configuration 2-to-1 3-to-2 2-to-1 2-to-1
Work zone length (mi) 5 6 4 11
AQD data collection 8/14/2019 4/15/2020i 4/8/2020i 6/16/2020i
(0:00 ami’ 11:59 pm) 11/15/2019  7/22/2020 9/11/2020 10/19/2020

*Annual Average Daily Traffic (AADT) and truck percentage were obtained fn@NDOT website.
NDOT conducted countseforethe work zone construction in 2020 and the AADT from the nearest

collection station on-80 was used in this table.

As mentioned previously, the AQD system is designed to capture speed data from the speed
detectors as well as the message data posted on the PDMS. Each speed detector captured individual
vehicle speeds and vehicle type information and all data had timgpsstdrom thisthe vehicle
volumes, disaggregated by vehicle type, could be estimated. Each PDMS stored the start time, end time,

and text for each message displayed. All this data was available to the research team.
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33. Travel Ti me Data Collecti on

As introdwed previously, a typical NDOT AQD system comprises a speed sensor located at the
mergng taper of the WZ, and two sets of PDMS that are one mile and two miles away from the speed
sensor, respectively. The Miovision data collection system is a five MiovM&iouts which are roughly

even spaced upstream and downstream of the PDMS locations. The relationship between the AQD
system and the Miovision data collection system can be fouRitjime 3.5. Note that the Miovision

data collection system can only be in either one of the PDMS losati@time.

Figure3.5. Relationship between the AQD system and Miovision data collection system

The Miovision Scout portable units, as showrrigure3.6 (a), consist of tw types of detectors
(e.g., cameras and WiFi receiverahd both were used to capture traffic data. Cameras within the
portable units were used to obtain video data of traffic traversing the roadway. The WiFi receivers were
used to capture Media Accessrol (MAC) addresses, and their associated time stamps, from passing
vehicles. Any electronic unit in a passing vehicle that has (1)-slwoge communication capabilities,
and (2) is enabled, would provide MAC addresses. These electronic units caudie ilagitops, tablets,

mobile/cell phones, and communication systems within the vehicle.

(®)
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Speed
Detector

WiFi 4!
Battery EL

Figure3.6 The data collection system of (a) a Miovision Scout unit (b) the layout of the five

Miovision stations (ra field deployment example.
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Five Miovision Scout units formed the travel time data collection system, as shdvigure3.6
(b). The five Miovision Scout stations, labeled stati@rthrough 5 were placed at approximately 0.5
mile spacing in the vicinity of the PDMS being analyzed. The goal was to place Stataid3ato
the PDMS, as was practical. Stations 1 and 2 were placed approximately 0.5 and 1 mile upstream of the
PDMS. Stations 4 and 5 were placed approximately 0.5 and 1 mile downstream from the given PDMS.

As shown in Figure 3.6 (c), each Miovision Scout unit was attached to asm&ker sign. The
research team ensured the WiFi antenna was pointed perpendicular to passing traffic and the camera
facedoncoming traffic.

Because it was necessary to attach the devices to amaileer sign, the exact location of the
Miovision units varied from work zone to work zone. After the research team placed the five Miovision
Scout portable detectors in the fieltey measured the distances between them using the embedded
GPS, which is accurate to within a 23 ft radius (Miovision Website). The measured distances were then
compared to the distances on the miilarker signs. The average difference between the distance
measured by the GPS and the distances indicated on thenarker signs was 1.1%. Consequently,
the measurements obtained from the GREewsed for all further calculations.

It should be noted thaeforesetting up the data collection systems at Wdtioa and Big Springs,
the AQD system had been operational for several weeks and had been well tested. Therefore, it was
assumed any commuter drivers were familiar with the AQD system operating as part of the work zone.

It was also assumed that the deddlection system had minimal or no effect on driver behavior.

This was because the data collection units are relatively small and are attached to existimaykeite
signs which help hide their profile as showrrigure3.6 (c). The data collean was scheduled for the
same perioegach day from 8 AM to 8 PMNo information was collected when the research team was
setting up the system or changing dwe batteries.

Data collection was conducted in two phases. The first phase was during September through
November in 2020, and the second phase was in July 2021. Four work zone test sites were selected for
travel time data collection. The speed limit atfallr test sites was reduced from 75 mph to 55 mph in
the work zone, which began about 2 miles upstream of the work zone and ended just past the end of the

work zone. The deployment of the data collection systems at these four tastdgtsibed below
331. Wactest site

Data were collected #tel-80 Waco work zone in September 2020 and lasted about 2 weeks. Five
Miovision stations were attached to the mile marker poles. The deployment of the Miovision data

collection system is shown Figure3.7.
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Figure3.7 The kyout of the five Miovision units dheWaco test site

332. Big &pran PDMS 1

Data collection at Big Springs was conducted during September and October 2020 and lasted about
3 weeks. The target PDMS (PDMS 1) is located at mile marker 108,-80BHigure 3.8 showed the
settings of the Miovision data collection system, which were located at mile matk&rl07.5, 108,
108.5, and 109, respectively. In other words, the five Miovision units wemiteSpaced and covent

1 mile upstream and 1 mile downstream of the PDMS.
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Data were collected every day from 8 AM to 8 PM at each localale3.2 listed thefi S L O W0
and A Svar@myanessagedisplayed on the PDMS. Other periods not listed are normal traffic
conditions withaif STARO message (four asterisks were disj
placeholders). As indicated Trable3.2, the slow/stop traffic duratiais very short, and the majority of

these durations occurred on weekends.

Table32. Records when PDMS ®OiPdplmepysdg@SLOWO o

Date Begin End Message Duration
Thu, Sep 17, 2020 9:08 AM 9:12 AM slow 4 min
Sat, Sep 19, 2020 4:01 PM 4:07 PM slow 6 min
Sun, Sep 20, 2020 12:07 PM 12:11 PM stop 4 min
Sun, Sep 20, 2020 3:59 PM 4:09 PM slow 10 min
Sun, Sep 20, 2020 5:18 PM 5:23 PM slow 5 min
Wed, Sep 23, 2020 11:48 AM 11:54 AM slow 6 min
Sat, Sep 26, 2020 2:42 PM 2:58 PM slow 16 min
Sun, Sep 27, 2020 2:08 PM 2:16 PM slow 8 min
Sun, Oct 11, 2020 3:43 PM 5:05 PM slow 82 min

Unfortunately, there is no queue and longer time of stoawving traffic at the work zone during
the entire data collection period. Thus, more data collection efforts may be required and will be

conducted in a second phase.

39



333. Big Springs at PDMS 2

The seconghhaseof data collection athe Big Springs test site was on July 3rd through 6th 2021
at the same AQD settings as the first phase. Three Miovision units were instalfadeOb®&fore, at,
and 0.5mile after the PDMS, as can be seefigure3.9.

Figure3.9 Data collection system at Big Springs test site

In Figure3.10 (a), as the speed at the work zone merging area (Sensor # MWO03) shows, up to
seven hour®f afternoon congestion from 11:30 AM to 6:30 PM was under simwving taffic.
Meanwhile thespeed at “nile upstream of the work zone merging area (Sensor # RDR11) shows that,
although slightly affected, the impact of the work zone slow traffic was diminished. A further check of
the Miovision cameras at the PDMS2 locatiomfaaned that no slownoving or queued traffic was
reaclkedup to PDMS2. In other words, rather tHagingforced to slow down or stop due to the eid

gueue, drivers are free to react to the warning message at PDMS2.
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Fi g3r®ata collected by sensors in the AQD

Figure3.10(b) indicates the traffic volume during the day, which was counté&tensor # MW03

at the work zone merging area. The shaded area indicates the observed periodrahstantraffic.
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334. Ogal l ala test site

The work zone of westbound8D at Ogallala was a-t#-1 test site (i.e., two lanes in mainline
while one open lane iawork zone). Data collection was conductesm July 3rd through 6th 2021.
Three Miovision units were installed Gmile before, at, and O-file after the PDMS, as can be seen
in Figure3.11.
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Figure3.11 Data collection system at Ogallala test site

The speed of the day at the work zone test site and the volume that the work zone experienced over
the day can be found Figure3.12.
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Fi gr®Pata collected by sensors in the AQD

Note that the Miovision data collection systanPhase 2 at Big Springs test site and Ogallala test
sitewas reduced from 5 units to 3 units for the purpose of reducing data collection efforts. It was found
in previous studies in Phase 1 that the data (i.e., travel time) freintviiv stations, asell as the last
two stations, do not shostatisticallysignificant difference Therefore, the data collection systems can
be simplified.
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4. DATA PROCESSING

41. Wor k Zone Speed and Message

To verify the AQD system operated as designed, the correlation between the rolling average traffic
speed estimated from the speed detector data and the message displayed on the PDMS was examined.
Note the researchers only had access to the raw speedvhata,is provided in a-ninute average

format. Consequently, Equatiqd.1 was used to calculate then@inute rolling average speed as a

function of tme for each of the test sites.

BS,P + 0. .
0 22210 phio (4.9
Wher ¢ Up= -Bi nute rolling avet{agpdéd)speed
U= i nstantaneolu@mplpeed of vehic

i= count of vehicles when their

k= duration of rolling average ¢

It should be noted that if any of therlinute average speed values aigsing, the algorithm uses
the last three-Ininute average speed data point&duation (4.1. If no speed values are measured for
five minutes in a row, the speed detector i s co
condiion, the AQD systemwill continue to relesaseahe most recentraffic statusas fimessageo
displayed on the PDM@ntil additional Xminute average speeds are obtained. These time durations are
set based on engineering judgments.

Figure4.1 presents one day of sataplata from each of the four test sites, which the instantaneous
speed measured at the taper of the work zone as a function of time of day. Specifically, thgiseft y
in Figure4.1 represents the average speed detected at the work zone taper area. The dots are raw speed
data at Amin intervat, and the 3min rolling average is calculated, as indicated in the black line.
According to the AQD systesproviders at this site €.g.,Salander), the-&nin rolling average speed is
used to feed in the PDMS with the corresponding message (i.e., STAR, SLOW, andiigli¢a#ihg
the traffic status in work zone.

It should be noted that, #ie Big Springs test sitehe speed below 20 mph (instead of a typical
25 mph) is defined as stop traffic, and the slow traffic is when speed is between 20 mph and 45 mph.
However, the rest three of the test sites follow the typical NDOT AQD systems settings, which adopted
speedbhr eshol ds of 25 mph and 45 mph for defining

work zones, respectively.
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Fi gaIrAdQD speed and warning message

The right yaxis inFigure4.1 represents the message posted on the PDMS, which the green color
represents the message of four ASTTAARO0S)0; atth ee aycehl Icc
represents the message of ASlow Traffic Ahead, f
represents the message of AStopped Traffic Ahead

Statistical summaries and conclusions regartie AQD system error are the evidence to the first

objective of this project, which will be presented in the Results in Chapter

42. Tr avel Ti me Measur e

To verify the AQD system was operating correctly, segment travel time data at the Waco and Big
Springstest sites wre collected by the research team. The five Miovision Scouts rebertMAC
address of vehicles traved) through them. Therefore, travel time in four road segments can be obtained.
They are Segment 12, Segment 23, Segment 34, and Segmeng.45égment 12 measures from
Miovision Scout 1 to Miovision 2). As an example, travel time measured at the Waco test site on
September 2020,is shown inFigure4.2.
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Figure4.2. Travel time of vehicles (grey dots), 15 min average (black dashed line) with the standard
deviation (red lines).

The dgorithm of data cleaning and MAC addressitching is constructed in three steps as
described below. Codes can baifid in AppendiA.

The first step was to match MAC addresses acrossiffieeetit Miovision units. When a match

was found, the time difference was calculated. Using the known distand the time difference,

the travel time and space mean speeds between Miovision unit locations were estimated. The MAC

address matching algorithm was programmed using the R statistical software package.

In the second step, the resulting segment tréiveds were verified by manually matching

randomly chosen vehicles from the cameras at each station. The video footage was played at a rate

of 1/100 seconds, and a wélained assistant identified a sampling of vehicles and then recorded

the moment when given vehicle from the sample passed each Miovision station. In addition, the

video from the camera was used to visually verify vehicle types, speed reductions, precipitation

conditions, and queuing conditions,anfhas neededod basi s.

Once the samples gegment speeds were obtained, they were correlated to the messages being

displayed on the PDMS. The goal was to identify whether drivers were responding to the messages

(e.g., reducing their space mean speeds downstream of the PDMS units) and, if sar, tives¢h

reductions were statistically significant.
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43. Tr avel Ti me Data Validation

Miovision units collectedhe MAC address of vehickand the timestamp when it travels through their
detection range and video footage at each unit. The MAC address is unique to each vehicle. Algorithms
are seup to clear the raw data and filter out outliers. Matching MAC address between two successive
Miovision units and the time difference is the travel time on the segment. Video footage is used to verify
the travel time calculation and check traffic status if any abnormal data were obtained.

The camera at each Miovision Scout location recorded footagegdthe data collection time.
Videos were used to verify the validity of the travel time automatically measured by the MAC address
matching.Figure4.3 andFigure4.4 show the travel time obtained by automatically matching the MAC
addresses (i.e., grey color) and the travel time obtained by manuetlyictp the corresponding video
(i.e., blue color) for uncongested and congested traffic conditions, respectively.

Note that September 9, 20241 the Waco test siteis selected as an example to show the travel
time patterns of the day as the queue accumulated. Unfortunately, the camera of the Miovision Scout 1
was not functioning during the data collection, therefore, the comparison of the Segment 12 was missing
in Figure4.4.
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Figure4.4. Travel time obtained by MAC matching vs manual observatiaith queues.

The accuracy of travel times obtainednfrehe MAC data were manually validated using three
days of video data collected from three test skagire4.4 shows the relationship between travel time
and time of day for three segments (Segments 23, Segment 34, and Segment 45) on-thiEce/eash
site for September 9, 2020. are showFkigure4.4. Unfortunately, the manual travel time on Segment
12 could not be obtained because the camera at Station 1 had technical issues during the tilaia collec
period. The grey dots represent the vehicle travel times estimated using the matching algorithm with
MAC address data input from the Miovision Scout devices. A total of 2216, 2640, and 2363 travel times
were obtained for Segments 23, 34, and 45, oisjedy. The blue dots represent the manual travel
times, which were collected by randomly selecting three vehicles during evemnliterval and
estimating their travel times as described earlier. For this example, a total of 144 vehicles during the
data collection period (e.g., 8 an8 pm) were matched using the video data.

It may be seen frorRigure4.4 that traffic at #80 around the tested PDM&s relatively congested.
More importantly, it may be seen that the vehicle travel times developed from the MAC addresses and
those developed manually track each other relatively well in that both capture the variability in travel
time as a function of timof day. Intuitively, if the mean travel time as a function of time of day from
one system was considerably higher or lower than from the other system, it would indicate a discrepancy
in one of the systems.

While the travel time data passed the visuadl, tksvas important to test whether there were
statistical differences in the data. A Shapiviilk of normality (significant level = 0.05) was conducted.
It indicated the travel times were not normally distributed. Therefore, pai@metric twesamples
Wilcoxon rank test was used to compare the distributions of the travel time obtained from the MAC
address and Video for each segment. Taalpes from the Wilcoxon test for Segment 23, Segment 34,
and Segment 45 are 0.168, 0.249, 0.490, respectively. @heggeater than the significance level for
alpha = 0.05. Therefore, it was concluded that for this site the travel times derived from the MAC
process and that from the manual process are not statistically different.

Note that the same statistical conmipan procedure was followed using data obtained from
September 3, 2020, at the Waddtica test site and from September 20, 2020, at the Big Springs test

site. These sites did not experience congestion. It was found the differences in the travel time
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distribution derived from the MAC addresses and the travel time distributions derived manually from
the video were not statistically different at the 5% level of confidence. Specifically, Welch Two Sample
t-test is conducted to test the following null hypothesiz

Ho: true difference in means between the travel time obtained using MAC and the travel time

obtained manually is equal to O.

Thus, the alternative hypothesis is titta true difference in means is not equal to 0, with the
significance level alpha = (60 Statistic results are shownTiable4.1 for the WaceUtica test site and

in Table4.2 for the Big Springs test site, respectively.

Table4.1 t-test of the travel time at Waddtica on Sep. '8, 2020

A

Segment _ 2 Segment _ 3 Segment _14
MAC Vi deg MAC Vi deog MAC Vi deo
Mat c| Obser vl Matc| Obser v) Mat c| Obseryv

Mean (s 28. 17 27 . 4 31.5 28. 8 20. 1 17. 4

Adj ust 1 0 2.5 0 2.5 0
t stati 1.39509 0.96077 0.32433
df 323. 8 316. 609 401

pval ue 0.1637 0.3374 0.74509

95% CI (0. 189816) (0.280, O. (0.288, 0.

Table4.2 t-test of the travel time at Big Springs on Sep. 20th, 2020

Segment _ 2 Segment _ Segment _4
MAC Vi deog MAC Vi deog MAC Vi deo
Mat c| Obser vl Matc Obser vl Matc|l Obseryv
Mean (s 26 . 7 25. 4 27 . ] 24.5 27 .7 24 .7
Adj ust -1 0 2.5 0 2.5 0
t stati g 1.2776 0.18215 1.7991
df 86.178 73.069 73.011
pval ue 0.2048 0.856 0.07613
95% CI (-0.182, 0. ((0.538, O (0. 054, 1.

Based on the above analyses, the larger and more comprehensive travel time data set from the
Miovision system was used for all further analyses. Note that it would be simply too expensive to
replicate the manual travel time process on a large scale. This was why the automatic data collection
system was used to collect travel times and the manually caldulates were used only to validate

the accuracy of the automatic system.
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44. Speed Reduction

The Waco test site, September 3, 2028s selected for data analysis on the speed reduction
because there was slawoving traffic at work zone On this day, there &ve 7 periods that the PDMS
was activated and a ASLOW TRAFFI C AHEAD, SLOW D¢
posted on the PDMS. During the PDMS activation periods, the number of véhatkeaveled through
the road segments where the Miovision semseogre installed was extracted. The start and endgtime

of the 7 periods ofhel SL OWO0 message and the corrTadeg®ndi ng ve

Table4.3 Waco Sep. '8, 2020 PDMS activation periods and vehicles captured

Start [End |Duration Number of vehicls captured
No [Message | . _ _

time time |(minutes)| Segment_11 Segment_23 Segment_34 Segment_45
1 SLOW | 9:52|10:09 17 15 12 23 52
2 SLOW [10:12j11:18 67 67 46 81 209
3 SLOW |11:3212:46 74 87 68 105 289
4 SLOW |14:4715:11 24 20 16 28 86
5 SLOW |15:1516:31 76 75 55 93 279
6 SLOW (16:3217:03 31 62 23 41 76
7 SLOW |17:0518:06 61 76 43 83 280

Total 350 402 263 454 1271

The travel time of each vehicle is obtained. The distances of Segment_12, Segment_23,
Segment_34, and Segment_45 are 2112 ft, 2981 ft, 2998 ft, and 1856 ft, respectivelyatlentej c | e 6 s
travel speed can be calculated. The travel speed before anthafeDMS for tlie seven activation
periods is shown ifrigure4.5. It should be noted that the Miovisitnavel times were measuratithe

PDMSwhich is3 miles awayfrom where the queue was not reached to the detection segments.

90 WacacUtica_PDMS 2_9/3

30 Mean =CIl _High =CI_low

70

60 T =17 -
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0 1 234567 123456 7 2345 67 1234567
Segment_12 Segment_23 Segment_34 Segment_45

Travel Speed (mph)

Figure4.5. Travel time in different road segments at Waltica
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the PDMS activation periods, the number of vehithestraveled through the road segments where the

Miovision sensors were installed was extracted. The start and ersbfithe 3 periods ahefi S L O Wo

message and the corresponding vehiclepasvided inTable4.4.

Table4.4 PDMS activation periods and samples at Big Springs test site o2 1D@020

Start |Start |Duration Number of vehicles captured
No [Message ) )
time time |(minutes)| Segment_12 Segment_23 Segment_34 Segment_45
1 |SLOW |7:33 |7:39 6 0 0 0 0
2 |SLOW ([15:16117:15 119 150 89 151 381
3  [SLOW [19:0919:24{ 15 6 7 13 10
Total 140 156 96 164 391

Miovision stations at the Big Springs test sitere equally spaced at a distance offile when

The travel time of each vehicfmssing through the PDMS 1 at Big Springss obtained. The

attaching the device to the roadside namiarkers. Therefore, tltistances of Segment_12, Segment_23,
Segment_34, and Segment atb all 2640 ftThe travel speed before and after the PDMS festven

activation periods is shown Figure4.6.
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Figure4.6. Travel time in different road segments at Big Springs

It should be noted that the data processing for data collected in Phase 2 (dt) 20815 at Big

Springs andDgallala test sites follosthe same procedure as that in Phase 1. The statistical results of

the speed reduction at different test sitasevidencef the second objective of this project, whighi

be summarized and discussedha Results irChapter7.
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5. CRASH ANALYSIS

The purpose of the crash analysis was to compare clatshfrom the freeway work zones where the
AQD systems are operational to those work zones that are not equipped with AQD systems. The
hypothegs was that the frequency of crashard in particular reaend crashes, will be significantly
reduced when the AQD system is installddfortunately, due to the lack of sample size and missing
information (e.g., the time and location of the AQD systethgcrash models are developed gsihe
crash data from all work zondwithout differentiaing the AQD work zonespn I-80 to study the
characterstics of work zone crashes in Nebraska.

It should be noted that when the sample size of crashes at AQD equipped work zones becomes
large and eadily available, the methods used in this section can be easily repeated, and the results can
be compared to those traditional work zones (i.e., without AQD systems) to verify the effectiveness of

AQD systems in safety improvement at freeway work zones.

51. Wor k Zone Areas

The Manual on Uniform Traffic Control Devices (MUTCD, 20@®j)ided thetemporary traffic control
zone, i.e., thevork zoneinto four areasn the traffic direction(1) advance warning area, (2) transition
area, (3) activity area, including a buffer space and a workspace, and (4) termination area. These four

areascan be foundh Figure5.1.
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Figure5.1 Component Parts of a Temporary Traffic Control Zone (MUTCB16C

According to the accident locations in the work zone, there are five areas that a crash is recorded

in the NDOT crash dataset, which are (1) the area before the first sign of the work zone; (2) the advance
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warning area, which starts at the first message sign of work zone ahead and ends at the start of the lane
taper; (3) the transition area, which cavéne lane taper of work zone merging; (4) the activity area,
which starts from the end of lane taper to the end of the workspace; (5) the termination area; which
starts at the end of workspace and ends at the last message sign of work zone. Thesss fare are
marked as A to E in the model for simplicity purpgsehich is shown irFigure5.2.

A - area before the first sign,

B - advance warning area,

C - transition area,

D - activity area, and

E - termination area.

I [ ¢ Message sign E
- -
= Lz =
; F F F -
?
Ed—A B———de—C —f«—— D —»l«— E
Before the First Sign Area  Advance Warning Area Transition Area Activity Area Termination Area

Figure5.2. The five areas that a crash takes place in a work zone in the NDOT crash dataset

Note that it was assumed that the NDOT crash dataset has the same definition as the MUTCD for
B to E areas, as can be seefkigure5.1. However, the sirt point of the first area A was not defined
anywhere. |t was assumed that the Abefore the fi
the road segment that is close to the work zone. Whether the crash occurrence location is associated
with area A. depends on the judgment of the police officer who filled the crash report form. A reasonable
guess for the distance of the fAbefore the first
asthe question mark irfrigure5.2) to the first warning sign where drivers are noticed with work zone

ahead for the first time.

52. Wor k Zone Crashes

NDOT traffic crash data used in this study rashffem 2002 to 2020. Crashésatoccurred on the-1
80 work zone are extracted, as indicateBigure5.3 (crashes are marked as red poinds)expected,

most of the crashes occurred negerurban area (e.g., City of Omaha, City of Loi).
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Omaha

M

Fi gb3I80 work zone crashes from 2002 to 2020

the NDOT automatic traffic recorder

In the 19 years NDOT crash datas$195 crashesccurred in work zors The distribution of the
crashes locations ié¢ five areas is shown kigure5.4. Note among the five areas, A and B are areas
that the PDMS may be installed in BVZ system.

1000 1400

600
1

Number of Crashes

] L]

A B C D E

0 200

Crash Location

Figure5.4 Crash locations in the five work zone areas

Meanwhile, the proportion of crashes locations in the five work zone areas is shown in the first pie
chart inFigure5.5. Other types ofhe composiion of the work zone crashes are also showrigure
5.5. Specifically,the proportiorof injuriesis 71% for norinjury crashes, 18% for one injury crashes,
and the rest 11% crashes are for two or more injuries. Also, the crashes are grouped according to their
severity, from property damage only (54%), different levels of injury, all the way to fatal F2¥%the
freeway crashes involving two vehicles, the main types arecrelacrashe$41%) resilting from car

following behavior and sideswipe (25%) resujtfrom, for example, lanehanging behavior.
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Figure5.5 Crash composition (3095 crash samples from 2002 to 2020)

The temporal distributions of crashes, i.e., year, month of year, day of week, and hourof day, are

shown inFigure5.6.
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As can be seen iRigureb5.6, despite escalating safety measures at Interstate WZ, traffic crashes
did not continuously decrease but fluctuated over years. Crashes increased in construction activity
seasons aheyear, usually from April to October in Nebraska. In addition, Fridaysaftednoon rush

hours (46 PM) are those times when crashes are more frequent.

53. Vari 8bl ecti on

Considering the sample size, data in each category is divided into limitedftaveteh variable

used in the modedslistedbelow.
Six types of traffic acidents in the crash records are grouped into three levels according to
their severity: 1) property damage only, which includes no people are injured, 2) minor injury,
which includes possible injury and visible injury, and 3) serious injury, which inelude
suspicious serious injury and fatal.
The crash type is categorized into sideswipe andeneditypes.
The crash location is grouped into urban (including municipal) and rural areas.
The crash time is labeled either on a weekday or a weekend.
Driving behaior is grouped into either normal driving, which is labeled as no improper
driving in the crash report, or improper driving such as driving distracted, driving too fast,
followed too closely, operating vehicles erratically, etc.
Driver age is grouped int®5 years or younger, between 25 and 65 years, and 65 years or
older.
Vehicle type is divided into passenger cars, which include sedan, van, and motorcycle, and
pickup truck; and large trucks, which include singtet truck, truck trailer, and muttinit
truck trailer, etc.
Light conditions are divided into daylight which illuminates with natural light, and darkness
(including dark, dawn, and dusk) that may illuminate with auxiliary light.
Weather conditions are labeled as favorable weather (e.g., clear and cloudy) and adverse

weather (e.g., fog, rain, snow, etc.).

The variable selection is conducted usihgrandom forest methodin total, of the 33 variables
examined, there are 18 vehictbatshowed importance on both MSE and Node Purity, as can be seen
in Figureb5.7. These variables generally cover siges of data, which are:

Road conditionroadclass,numberoflanesroadgrade, pvement typemediantype
Traffic condition speedlimit, AADT

Vehicle conditionvehcle type, airbagejection total vehicles and truckisivolved
Driver condition driver age, mentatondition

Environmental conditionveather, light

Work Zone conditionWZ areaWZ type,WZ personpresent
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Variable Importance — Random Forest

totveh totveh |
airbag airbag |
wzarea wzarea |
wztype wztype |
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landuse weather |
median behavior |
condE condE |
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Fi gbhnvari abl e selection for crash

All the selected ariables are used in developing the crash models, given different model structures,

which will be described in the next section.

54, ModBkvel opment

Firstly, a Generalized Linear Mod€lGLM) is used to estimate theimber of injuriesas a function of
various contributory factors such as traffic conditions, road conditions, driver conditions, and vehicle
conditions. The f ac tapproachingadvakce waonmg are@ransitiars avea, ( i
activation area, terminationes)where the crashoccurredct as a fAmoder ator o

in the GLM model.

Second, arDrdinal Logistic RegressiofOLR) is used to estimate tloeashseverity, which is
categorized intdNo injury, Minor injury, and Sever injury Similarly, the work zone area is an
intersectiorof the selected contributory factors in the OLR model.

Model results and conclusions regarding the crashatatdl the Nebraska80 work zonewill
be presented in the Results in Chafter
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6. COVID | MPACT

Since the first case reported at the end of January 2020, coronavirus disease 2019 (COVID) has been
swept across the United States and abroad. This still ongoing pandemic is unprecedententin mod
history. Its impact is not only measured by the number of cases and deaths, but also overloaded health
services, undesirable quality of life, and interrupted social and economic activities. In response to this
public health crisis, the states respondeitkly to formulate and enact various appropriate orders.
Without exception, these orders were designed to discouragessential travel, practice social
distancing, and ultimately expectstww down the spread of the vitus

To this endNebraska issued a series of policies to restrain the spread of the pafthec.than
implement a statewidgtay-athome order, Nebraska employed a framework named "Directed Health
Measures" (DHMJo minimize inperson interactions during COVIiD 2020[Nebraska DHHS, 2020]
As antiepidemic strategies, DHM benefits from its flexibility that they were phased in the county by
county based on active infection$ is, therefore,hypothesized to affect the population of the
jurisdictional counties at diffent stagesSpecifically, the critical timeline for the affected population
is below.

A 3/19, 2020 41.5% affected 3 counties: Douglas, Cass, Sarpy

A 3/25, 2020 62.3% affected 4 countiesLancaster, Dodge, Saunders, Washington

A 4/03, 2020 100% affected All counties

A 5/31, 2020 0% affected All DHM lifted

The immediate impact of the DHM intervention was a sharp drop in traffic deman@@n |
Because of this, the number of traffic crashes hasased, especially at thos80 work zonedrigure
6.1 shows the crash locations (marked as yellow dots). For example, there were 57%lcesbegrred
at I-80 work zones in the first half of 2020 (week 1 to week 27), which is more than twice lower than
the number of crashes thatcurred during the same period in 2018 (crashes = 108) and 2019 (crashes
=132).

ey A NS Legend:
< ATR Station
l WZ related Crashes (2020)
[ I 1 ["] countieson 1-80
| _—
‘QF_,_\Q‘ Tl % > R
A sa| Fola'ef

[
]

Figure6.1 Traffic crashes at-BO Work Zones in 2020ATR numbers are marked8D rurs through

fifteen counties that arghown.
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To know the impact of COVID restrictions on essential travels. Traffic volumes on Interstate 80
are collectechtthe NDOT Automatic Traffic Recorde(TR) stations as can be seen kigure6.1. It
is hypothesized thdhese ten ATR measure the traffic demands&®3 in both urban areas and rural

areas in Nebraska.

6.1. Thiampac tlr @afMoil usmen ™ a fQGriacs hes

Figure6.2 (a) shows the weekliyaffic volume accumulated usingll the ten ATRdaf, as a function
of time from Week 1 to Week 2r 2020. Asfor comparisos, traffic volumes are identified usirge
same period of data in 2018 and 2019.
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compart kseim€mmitloar period in 2018 and 201

As can be seen lRigure6.2 (a), the overall trends of the weekly traffic volume for 2018 and 2019
consistenthincrea®, while the volume for 2020 drastically droppatd then rebounde&pecifically
traffic volumein 2020(1) was seen a significant decreasaring from Week, (2) kept reducing about
7 weeks (Weel@ -15), at the timewvhen the entirélebraska countiesereput into DHM restrictions
(3) reached the lowesih Week 15 (i.e.30%-35% lower compared to the levels of 2018 and 204:¢d
(4) continued to rebound since aftentil Week 2 when all the DHM are lifted, traffic volume had
returned to about 85% of its full capacity, compared to the traffic levels at the same time in 2018 and
2019.Note thati took 4moreweeks (week 227) for the traffic volumén 2020to get bak to roughly
similar levels(as of 2018 and 20}9presumablydue to residual fears after the reopening of the
community(Ghader et al., 2020
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Naturally, the week ofMarch 19, 2020w h e n t he Nebraska DQHMvernor d

intervention was implemented, as markedhyblue dot line inFigure6.2, cuts the 2%veeks(7 days
a week)into 11 weeks prentervention and 16 weeks péastervention As comparison gnaps, data
are prepared using the same treatraerif the DHM order was issued on March &gk 12) in 2018
and 2019.

Figure6.2 (b) showshe number of weekly crashes in 2018, 2019, and.Z2&ywere at a similar
level during the pr&COVID intervention periodi.e., Week 1 toWeek 1). During the posCOVID
intervention periodi.e., Week 12 toWeek 27, the number of weekly crashes in 2018 and 2019
maintained a slight increase, whiecreasg in 2020.

Statistical test resultshow that there are no statistically significant differences in the number of
crash counts between 2018 and 2019. This implies that the traffic crash pattern did not change over a
year. Thus, it may be safe to assume thttere was no special event, the traffic crash pattern will
remain the same from 2019 to 2020. However, when compared the number of weekly ora8Bes i
to 2019, it was significantly lower at a 5% significance levedtdt = 4.028, p < 0.001). It is
hypothesized that the reduction in the number of crashes is a result of the impact of COVID
interventions.

A count of the number of crashes is often inadequate when comparing multiple roadways of
varying levels of traffic exposur®ased on the assumptitimat the more exposure to road traffic, the
greater chances a crash occuihés study used crash rate as an effective metric for relative safety
measures when it is exposed to traffia given location. The crash rédadefined as the quotation of
crash frequency (crashes per week) and vehicle exposure (e.g., traffic volumes) at the location where

the crashes occurre®.1 shows the calculation of the crash rate defined in this study.

(6.1)

Wherer., represents the crash rate for a certain category c of interest at Weefg iepresents
the number of craglsfor a certain category c of interest occurred at location | and ol datociated
with a specific hout. V. q¢1) represents the traffic volume, veh/h, on hott)(bf dated at locationd
the nearest ATR station of8D. To facilitate the readability and interpretability of the model outcome,
the crash rate is calculated per million vehicles, indicating the nuphlbeashes that occurred per 1076

traffic volume exposure.

6.2. Cr aMio dieng undeinfCQ@\lnz e

The purpose of this study is to understahd influence ofthe COVID restrictive interventions
implemented in Nebraska (i.e., phased DHM) on the rate ffittaashes that occurred of80. To

this end, lhe changes of distributive patterns of crash rates and the main contributing facturdelex
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usingthe comparative interrupted time series (CTi8thod. Specifically, the CTIS modslapplied

to evalate the impacts of COVID by looking at whether the treatment group deviates from
itsfb a s e |by ansi@rificant amount than the comparison group. In other words, in developing the
CITS model of the 2020 crash data, crash data in 2019 are usedEseine. The CITS can be
specified in Equatiof6.2.

B T T,Y 1. 0q1,¥0q 1 0 1,0 [ Og0 1.7Y (62

20g 0 g
Wher e,
Yi Outcome of ii(hiteeash wmateéei mer miillion
T Continuous vari abbyl ewereekpr esenting tir
Di Dummy variable indicati,ngepuinor e@t¢ ede
(code = 1) einmateérwvénthenDHM
P Categorical variable indicating the
or 2020) .
H Error term capturing the residual ve

In this study, R0 is the interception that represents the initial level of the outcome. 31 is the pre
intervention slope. 32 is the immediate level change when the intervention is issued. 33 is the sustained
trend change which is the difference in slopes betwesmfervention and poshtervention. 34 37,
represents similar meaning ag (BB, respectively, except the comparison group, dataferred to as
the baseline. In other words, 383 are coefficients describing the initial level, {iméervention trend,
immediate effect, and sustained effect for the comparison group (crash data in 2018, 20184 iwhile
37 are coefficiestindicating the differences of the initial level, fingervention trend, immediate effect,
and sustained effect between the treated group and the comparison group, respectiislyegard,
the interested coefficients are 36 and 37.

Some hypotheses are made beforehand. For exaraptets speculat that trafic crashes have
become severer during the panden@ainille Kamga et al., 202¥ingilis et al., 2020 Given the
sharply reduced traffic demand, which medase became emptier, both lackeanging and car
following tasks aressumed to be more efficiemtdaless riskyThe changes in crash rate patterns may
also be reflected in different locations. IntuitiveR80 through urban areas is mgsiffected because
the restrictive measures have the greatest impact on the drop of traffic ddimamdmand folarge
trucks to transport essential supplies during COVID may not necessarily decrease, instead, it may
increase to meet the supply neelagh and Anderson. 20R1All these hypotheses will be verified
through the model output, which will Ipgesented ne.
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6.3. | nter pr eCavtlibnhl aence on Traffic Crash

The aboveoncernsare examined through the significance of the factor coefficients of each CITS model.
In other words, a significantly positive estimate of the coefficient indicates that this &ptsitively
correlated with, or has increased, the crash rate, and vice versa. The model outcomes ar€ajiesn in

6.1 and are interpreted one by one subsequently.

Table6.1 Model Resultsfrom CrashRate

Mo d e | Vari al Est| S. E|{[t vg Pr(>| Model sig
Serious i96120196.6194.0.500.620R 4 10m 11 6
e s a J
(N=236) 7 201 q
C7: 19.\.27.60.700.487Adju210&({)4
C6:202248./190./1.320.196|Fst atl.s&6%
C7:20240.426.01.550. 125|pvalme574
Minor injiCc6:202%38.432.951.180.242|Residual §
(N=1440) Fc7.2011.4(4.4|0.3|0.761|AdIusTed. §
Fstatistic
C6:20261.032.51.840.065 ..
pvala.edd
C7:202-12.{4.4 |-2.8{0.005
Property |C6:201%28.923.11.230.222|Residual §
only G7:2012.3|3.2 |0.740. 4a60|Ad] ust0ed 4R
N=3593 Fstatistic
( ) C6:202136./23.15.89<0. 00 .
pval luet8
C7:202-4.9(2.7(-1.8]0.074
Rea&md C6:20147.1 (22.00.320. 749|Residual S
Fstatistic
C6:20276.122.03.460.001 ! *i
pval&8.eB88
C7:202-5.5(3.0|-1.8{0.072
Rural ArelC6:20%44.5927.91.590.116|Residual §
(N=2962) ['c7:2012. 0 3.8 |0.540. 595|Ad] usted. 4
Fstatistic
C6:202129./27.94.63<0.00 ..
pvalbGiedbd
C7:2024-5.6(3.8|-1.4{0. 144
Large TruC6:20118.934.50.550.587|Residual §
(N=1824) c7: 2012 4]a.7 |0 5[0 613 Adjusted 5
Fstatistic
C6:20287.(034.592.520.014

pval3ieB8 "

¢c7:202-7.1(4.7 (-1.5]0.1314
Referencegrear= 2019 Significantcodes0 6 * *00@L6 * 6.@6 *0®56 0.4661
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The significance of the model specification is firstly checked. As shown in ttelasin inTable
6.1, the model for serious injury crash rate does not show statistical significanaki¢o= 0.574), due
to the small sample size (N3@ for three years). In addition, model for sideswipe crash is also not
significant (pvalue = 0.192). Therefore, these two models and the corresponding hypotheses are
excluded from this study. The rest of the models are accepted as they all have thesiowel standard
error, higher adjusted-Bguare, higher{statistic, and fvalue below the significance level 0.05.

As shown inTable6.1, none of th018 coefficientsn all modelsi.e.,36for the immediate effect
andi37 for the sustained effect, aignificant, indicating that there is no significant in crash contributing
factors of 2019 compared to 2018. The purpose of examining the histoti@ahdhe comparison of
2018 and 2019 is that it provides evidence of the crash trend in Nebraska. It can be assumed that if there
is no special event (e.g., COVID pandemic), the crash pattern and distribution in 2020 may not be
significantly different corpared to 2019.

Importantly, it is found infable6.1 that, compared to the previous years, crash rates in 2020 have
been greatly altered asrasult of the antCOVID policy intervention. Specifically, each research

hypothesis and the corresponding model result are interpreted as below.

During the COVID intervention, the increase in minor injury crash rate is marginal significant
(36 = 61.0, p= 0.065), however the trend was decreasing significant 132.8, p = 0.005).
similarly, the increase in property damamdy crash rate is significantly increased by the
COVID intervention (36 = 136.1, p <0.001) while the increased levels decredsed passed

by (37 =-4.9, p = 0.074). Unfortunately, the serious injury crash rate is unclear due to the
insufficient sample size. These together indicate that under the intervention of COVID, the
severity of the crashes on Nebrasi&0Imay or may not lv& worsened.

The main affected crash type was the +&rad, which has significantly increased (36 = 76.1, p

< 0.001) and gradually flat off (37-5.5, p = 0.072) after the COVID intervention.

The increasedn crash rate levslin rural areas were signifint (36 = 129.3, p < 0.001)
immediately after the COVID intervention is released.

Large trucks are increased in crash rate levels significantly (36 = 87.0, p = 0.014) immediately
after the start of the DHM.

The model results can be visually séeRigure6.3.
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In general, results show that the decrease in traffic volumes outpaced the reduction in crashes,
resulting in a higher crash rate. Therefore, the COVID intervention, for most cases, increased the crash
rate (i.e., positive effects) as concluded from maodelihe Nebraska-80 crash data, rather than

lowering the crash rate (i.e., negative effects) as hypothesized based on existing studies.
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7. RESULTS

Results in response to the three objectives proposed in this @ogethe correspond discussiare
presented below.
71. l nvestigate wyest leRarriftohréadidvggDat el vy

The error rate of the AQD system was calculated using a week of datBO@80, minutes) at each test

siteto study the first objective in this proje&t0: The AQD system displays the correct message within

an acceptable range (e.qg., X percent of the tifiaple7.2 summarizes the total error rate and sources

of the error rate from different traffic conditions (i.e., fiftmv and congested traffic) and under

different warning statses.

Table7.1 Error rate of the AQD system operation

Wood River  Ashland  WacoUtica  Big Springs
Total examined time 10080 min 10080 min 10080 min 10080 min
Total time in SLOW status 333min 173min 847min 227 min
Total time in STORtatus 631min 155min 0 min 4 min
Total error time(all types) 232 min 166 min 66 min 92 min
Total error rate 2.3% 1.6% 0.7% 0.%%

It can be seen fromable7.2 thatthe Wood River test site has the highest error rate (2.3%), and
Wacao-Utica has the lowest error rate (0.7%). The total error rate may be further disaggregated based on

the severity of the error ifable7.2 and are explained below.

Tab728o0urce and types of the AQD syst

Wood River Ashland WacoUtica  Big Springs
Error in trafficconditions
Freeflow traffic

44.0% 8.7% 97.3% 36.9%
(Category 1 error)
Congested traffic

56.0% 91.3% 2.7% 63.1%
(Category 2 error)
Sum 100% 100% 100% 100%
Error in congested traffic condition
SLOW status 95.4% 88.1% 100% 100%
STOP status 4.6% 11.9% 0% 0%
Sum 100% 100% 100% 100%
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For example, at the Wood River test site, 44% of the 2.3% total errors occurs when the work zone
experienced freflow traffic. In other words, the PDMS displayed a warning message when it should
not have. Thisituation is known as a category 1 error. In the {targ, the category 1 error may cause
drivers to have less confidence in the AQD system because the drivers were told they needed to slow
down due to slow traffic ahead (which did not exist). Howevessdherrors do not put the driver at
immediate risk. They merely encourage drivers to slow down as they approach the work zone.

Another situation is a category 2 error which may be considered much more problematic. This
error occurs when the PDMS does nigpthy a warning message even though the systems identified
there is congested traffic and/or queuing downstream from the PDMS. While category 2 errors are rare,
there was variability across all four sites as evidenced by the fact that category 2 agedsfram
0.02% (i.e., 2.7%*0.7%) at Waddtica to 1.46% (i.e., 91.3%*1.6%) at Ashland. The low error rates
indicate the system performed well.

Category 2 errors may be further analyzed by concentrating on the times when there are congested
traffic conditions in the work zone, as listed Tiable 7.2. In these situations, the errors tend to take
place during the SLOW status, rather than STOP status, eanditthen average across the four test
sites, the error rates in the SLOW status and the STOP status account for 96% and 4% shares,
respectively. This result is not surprising due to the fact that the average time of the work zone traffic
examined in SLOWtatus (e.g., 1580/4=395 minutes) is twice as great as the average time of the work
zone traffic examined in STOP status (e.g., 790/4=198 minutes).

Various factors may account for the category 1 and category 2 errors identified above. First, the
complexity of the work zone and its associated AQD system may play a part. It is hypothestized th
larger distances may cause errors in system operatioto ghaeential signal loss. Second, if the traffic
volumes are low, there will be a lower number of speed samples. In this situation, the PDMS may be
sensitive to switching between two different message displays when the speed is approximately the
same as thpredefined thresholds, i.e., 25 mph and 45 mph for the STOP and SLOW status, respectively.
Third, the rolling average calculation may be different in this study from the AQD application in the

field. However, a detailed analysis of the root causes adrifoes vasbeyond the scope of thieport

7.2. AscerHoai hievRerasct Meos stahgeges on t he PDMS

By definition, the effectiveness of the AQD system is directly related to whether it has a positive impact
on driver speed. Therefore, the critical dioess that need to be answered are (1) do drivers slow down
when they see a SLOW or STOP warning message on the PDMS and, (2) if so, howTimeich?

hypothesis associated with the second objective of this project is as follows.

HO: A statistically significant decrease in average speed will occur when the PDMS indicates that

the drivers should be prepared to stop because a gueue has been detected ahead.
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To analyze these questions, the space mean speeds on the roadway segments @ighteam o
PDMS were compared to the space mean speeds on the roadway segments downstream of the PDMS.
In addition, the speeds of segments upstream and downstream of a PDMS were compared when there
is a change in the message on the PDMS.sHneple data of thepace mean speéwm all the four
test sitesised in this analysis ghownin Table7.3.

Tab7138ampl e si ze of speed data coll ect ec

_ Data coll WarningSamplee é6veh) un
Test site . _
duratio (accumu VS..waroning co

Wac o 9/ 2/1290/2101/ . 350 mi I 1229 vs 64
Big Spring:«9/15/i202Q1, 120 mi I 614 vs 115
Big Spring:« 7/ 3/1R27/261/ 2 180 mi | 1088 vs 17
Ogall al a 7/ 3/1270/261/ 2 420 mi | 1742 vs 91

Figure7.1 provides a summary box plot of the speed profile changes alitinthe road segments
(i.e., from Segment 12 to Segment 45) for a warning scenario (e.g., PDMS displayed SLOW/STOP
warning mesgge) and a nomvarning scenario (e.g., PDMS displayed NONE), respectively. The

location of PDMS is also marked.

Waco-Utica_NoWarning Waco-Utica_Warning
237 = S £ %] - | = :
E 7 ' | b E 7 i _'_
1o B == = E _ ]
| EREEEe B3 | 17 = ==
284 | - | 28 R
S s S S
- o PDMS = g PDMS
1 I 1 | I | I I
12 23 34 45 12 23 4 45
Road Segment Road Segment
BigSprings_NoWarning BigSprings_Warning
_ O : _ O
8”7 B £8%] T—
o e e e | £ e
° 2 - I ° 2 i i
T = | T
- : — ' @ 3 o i
2] = = 2 : -+
g o POMS = g PDMS
1 I 1 1 I | I I
12 23 34 45 12 23 34 45
Road Segment Road Segment

Figure7.1. Reduction of speeds alomgth the road segments. Solid lines represent the average and

shaded areas represent the 95% confidence intervals.

As shown inFigure7.1, there is a general pattern that space mean speeds decrease as the vehicles

approach the work zone. It should be noted that due to the sight distance at both test sites, drivers cannot

65



see the work zone ahead when they read the message on the PDMS.rHiheeyés static advisory
signage alongvith the road segments, in addition to the PDMS, indicating that there is a work zone
ahead. This may be the key reason for the continuous decrease in speeditildhg segments
regardless of which message isplayed on the PDMS. It may also be seen that when the PDMS
displays a warning message, the reduction in space means is much greater when the PDMS does not
display a warning message.

A statistical summary of the speed reduction is listeGaible 7.4, where the significances (alpha
= 0.05) of the speed c htaeshfgreahe mean equalityeanddst forthesi ng W

variance equality betwedwo adjacent road segment

Table7.4. Statistics summary of the speed changes

Welch Two Sample-test* Two variances fest**
Avg. Std. Dev.
_ Avg. . Std. Dev.
Diff. _ t-stat. p-value |Diff. _ F-stat. p-value
Diff. (%) Diff. (%)
(mph) (mph)

Waco-Utica (Warning)

Segl12Seg23 (0.6 0.8% -0.893 0.372 -0.1 -1.2% 1.024 0.852
Seg23Seg34 |-7.0 -11.0% 10.72 <2.2el6 |2.5 26.5% 0.54 1.2e07
Seg34Seg45 |-1.5 -2.4% 2.06 0.039 11 10.2% 0.80 0.038

Waco-Utica (NoWarning)

Segl12Seg23 |-0.3 -0.5% 1.08 0.279 -0.1 -1.2% 1.03 0.626
Seg23Seg34 |-3.6 -5.5% 1249 <2.2e16 |-1.0 -13.2% 1.28 9.0e07
Seg34Seg45 (0.7 1.2% -3.18 0.002 -0.9 -14.3% 1.31 8.8e08

Big Springsat PDMS 1L(Warning)

Segl2Seg23 |-2.6 -3.9% 2.31 0.024 -1.6 -28.9% 1.66 0.024
Seg23Seg34 |-3.5 -5.7% 4.87 1.9e06 (1.2 17.3% 0.68 0.025
Seg34Seg45 |-2.2 -3.6% 2.65 0.008 15 18.4% 0.67 0.011
Big Springsat PDMS 1(NoWarning)

Segl2Seg23 |-1.0 -1.5% 5.08 3.7e07 |-1.2 -17.5% 1.02 <2.2e16
Seg23Seg34 |-1.9 -3.0%  10.97 <2.2el6 |-0.2 -5.4% 0.81 0.004
Seg34Seg45 (0.6 0.8% -3.25 0.001 |-0.3 -2.3% 0.54 0.212

*Alternative hypothesis: true difference in means is not equal to 0.

**Alternative hypothesis: true ratio of variances is not equal to 1.
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It may be seen iffable7.4 under the warning scenario, the speed reductions from segment 23 to
segment 34 are 7.0 mph and 3.5 mph at Waitca and Big Springs, respectively. These are, on
average, 90% greater than §peed reductions of 3.6 mph and 1.9 mph compared to the same segments

under the scenario where the PDMS does not display a warning message. It may also bEasden in

7.4 that a reduction in space mean speed for both of these scengrstatistically significant. A
summary of the mean speed reduction trend can be foufigure7.2 (a).

5 ®Waco_Warning
Waco_NoWarning
—~ 70 BigSp_Warning
ﬁ BigSp_NoWarning
S
- 65
©
=
| 60
g,
0
4]
o
0 55
50
Yo' e
S & F S
DU N
%6 %Q) %'Za %@

@)

Speed_Std (mph)

12 m\Waco_Warning
Waco_NoWarning

10 BigSp_Warning
BigSp_NoWarnin

8

6

4

2
N Q&
NS NS o“ 0

%0 %0 %0 %0

(b)

Figure7.2 comparison of the mean (a) and standard deviation (b) for speeds with and without warning

message.

Interestingly, it may be found igure7.2 (b) that the speed reduction standard deviation is greater

when the PDMS displays a warning message as compared to when it does not. As also §abien in

7.4, the differencén the standard deviation is statistically significant between segment 23 and segment

34. It should be noted there are two distinct trends:

When the PDMS displays a warning message, the space mean speed standard deviation
increases by 2.\5ph and 1.2 mph (26.5% and 17.3%), respectively, at the two sites. The
increase in variability in speed after the PDMS indicates there is a wide range of driver
behavior upstream of the work zone. While the average spacespeediecreaseghere is

correspondingly more variability in speed indicating some drivers may not be responding to

the sign and/or some drivers are reducing their speed below the speed limit.

In contrast, when the PDMS does not display a warning message, the speed standana deviatio
decreases by 1.0 mph and 0.2 mph (13.2% and 5.4%) at the two sites, respectively. This

indicates the various drivers are much more homogeneous in their speed choices when no

warning is given.
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Further study on th@hase 2 data supports the above drivéralver with regard to the speed

reduction at the PDMS when the warning message was displayed, the comparison results are listed in

Table7.5.
Tab7l586peed comparisons upstream and
Big Springs at PDMS 2 Ogallala
Speed (mph)
Segment 12 | Segment 23 | Segment 12| Segment 23
Sample size 529 559 833 909
Star Mean (mph) 61.0 61.9 65.8 66.2
P-value (t.test) 0.176 0.488
Sample size 644 682 414 435
Slow Mean (mph) 58.8 54.9 63.6 61.7
P-value (t.test) <0.001 0.016
Sample size 181 201 30 33
Stop Mean (mph) 56.1 54.0 59.6 56.4
P-value (t.test) 0.005 0.216*
*data due to small sample size
73. CraRdtes Work Zones

The number of crashes and crash severity are modeled using data from all work z8@€inalliding

down

both with and without AQD systems) due to missing information about the time and location of the

AQD installation. Mvdel results are shown Trable7.6 andTable7.7, respectivelyNote that the values

are colorcoded to indicate their significances. Ttaldorange indicates significance at 0.05. The light

orange indicates marginal significance at 0.1. In the ordered logistitic regression model result, the dark

pink color indicates the significance of the ordered model.

Tab7le6&ener al i z ed-Nuwuinmbesar

oModenlj uri es

ApproachingAdvance Transition  Activity Termination
(Intercept) 0.183 0.144 0.177 0.291 0.056
RoadCharacterCurved  ]0.106 -0.07 0.143 0.029 -0.017
RoadSurfaceCondlce/Slug-0.332 0.44 -0.026 -0.044 -0.003
RoadSurfaceCondWet 0.458 0.159 -0.061 -0.079 -0.041
DirRearend 0.627 0.685 0.742 0.625 0.076
PopGroupUrban -0.106 -0.035 -0.142 -0.128 0.014
AlcoholYes 0.459 0.168 0.169 0.094 0.264
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Driverless20Yes -0.157 0.005 0.164 0.037 0.098
HVPercent -0.181 0.102 -0.101 0.028 -0.064
ContribCir2_RoadYes 0.124 -0.133 0.164 0.058 0.007
WZTypelLaneclosure 0.184 0.056 0.1 0.01 0.094
WZTypelLaneshift 0.346 -0.078 0.019 0.048 0.046
WZTypeOnShoulder 0.366 -0.158 0.117 0.008 0.005
WorkerPresentYes -0.481 -0.268 -0.48 -0.356 -0.083
AADT (nearesATR site |0.26 0.61 0.281 0.17 0.032
PeakhourYes -0.139 -0.167 -0.025 -0.069 -0.026
DaytimeYes 0.251 0.243 0.099 0.012 -0.013
WeekendYes -0.082 -0.022 0.005 -0.017 -0.075

Tab770r di nal Logiiiriacs hRe&Sgrvegditagn

Approaching Advance Transition  Activity Termination
RoadCharacterCurved [-0.102 -0.084 0.41 0.231 0.133
RoadSurfaceTypeConcref-0.411 0.294 0.838 0.19 -0.008
AlcoholYes 1.281 0.854 0.715 1.094 1.463
Driverless20Yes -0.905 -0.103 0.924 0.144 0.298
TotVeh 0.644 0.227 -0.736 0.102 0.314
TotHev 0.148 0.14 -0.191 0.167 0.164
ContribCirl_EnvirNo -0.6 -0.181 0.891 -0.015 -0.24
ContribCir2_RoadYes 0.825 -0.362 0.9 0.037 0.161
PopGroupUrban 0.267 -0.544 -0.5 -0.487 -0.381
PeakhourYes -0.509 -0.406 0.201 -0.374 -0.566
WeekendYes -0.129 -0.063 -0.178 -0.203 -0.306
DaytimeYes 1.393 0.448 -0.193 0.221 -0.526
DirRearend 1.251 1.619 1.68 1.646 0.911
WorkerPresentYes -2.08 -0.816 -2.687 -1.372 -0.498
WZTypelLaneclosure -0.333 0.001 1.001 0.201 -0.224
WZTypelLaneshift -0.443 -0.572 0.799 -0.397 -0.674
AADT (nearesATR site) [0.13 0.406 0.829 0.115 -0.493
None|Property -1.078 -1.572 -1.272 -1.505 -1.591
Property|Minor 1.514 1.69 2.141 1.702 2.731
Minor|Serious 5.534 3.596 4.236 3.756 4.338
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As can be seen froffiable 7.6, most crashes occurreih the activity areaandarerearendced In
addition,acrash is more likely to occur dtt) Weekday, (2) Daytime, (3) No worker present, (4) Rural
work zone, (5) Ofipeak houw.

As can be seen fromable 7.7, a crash is severer when drivirdyunk, during the daytime, on
weekday, and nore vehiclesreinvolved

(1) Advance warninffrransition areas neetb pay attention toroad conditions (e.g., worn,

obstruction, debris), AADTheavy vehicls, rural areasanddriver age younger than 25 years.

(2) Activity areas need to pay attentionviork zone typeheavy vehicleand awrvature.

(3) Temination area need to pay attention taighttime, weekend,driving impaired (alcohol),

young driverand oad conditions
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8. CONCLUDING REMARKS

The effectiveness of the Nebraska AQD system was examined in two ways. First, the system
performance was invagated with respect to whether the PDMS correctly displayed the appropriate
warning message for the given traffic conditions
indicate that, overall, the AQD system performed well, with an overall errorfraté%i 2.3%.

The types of err@were also analyzed. Intuitively, providing warning messages when they are not
required (e.g., category 1 error) would reduce
providing a warning message or providing tkiong message (e.g., category 2 error) could reduce
driver safety. On the surface, category 1 errors that occur in-8dreeondition are, arguably, not as
severe as category 2 errors that occur during congested conditions. It was found that teecacotirr
the latter was greatest at the Ashland test site (1.6*91.3% = 1.46%) and was the smallest at-the Waco
Utica test site (0.7*2.7% = 0.02%). More importantly, all four test sites had relatively low error rates
which indicated that the AQD systenagoperating correctly.

To the authorsdest knowledge, this was the first study to examine the efficacy of AQD systems
using space mean speed rather than instantaneous speed. This approach reduced the probability that any
effects found were transitory in na¢ue.g., drivers slowing down because of the sign and subsequently
speeding up). The space mean speed was analyzed using a measure of central tendency (e.g., mean) and
a measure of dispersion (e.g., standard deviation). These were analyzed as a flttntionessage
that was displayed on the PDMS.

It was found that, when drivers pass by a PDMS that does not have a warning message, their space
mean speeds were reduced in the range of 1.9 to 3.6 mph. It was found that this reduction is statistically
significant at the 0.05 level. More importantly, it was found that when the PDMS displayed a warning
message, the space mean speeds were reduced in the range of 3.5 to 7 mph. These reductions were also
statistically significant. On average, it was found that average speed reduction when the PDMS
displayed a warning message was 90% higher as compared to the speed reduction when the PDMS did
not display a warning message. It was concluded that the AQD systamgewy effective at reducing
space mean speedbge reduction in speed was not transitory, and the reductions were statistically
significant at the 95% confidence level.

Interestingly, there was no definitive relationship found between the message on the PDMS and
the standard deviation of travel timewas found that the standard deviation increased when there was
a warning message on the PDMS. Conversely, when no warning message was displayed, the standard
deviation decreased. Given the average speed of all vehicles decreased regardless ofaessaneg
the reason for the change in speed deviation may
to a warning display on PDMS. Considering the truck percentage (including single unit, single truck
trailer, and multiple truck trailer) wag to 62% on the work zones during the data collection, this may

indicate that passenger cars and trucks have appreciably different degrees of speed reduction when
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confronted with a message on the PDMS. Because the space mean speed measurements were not
disaggregated by vehicle type it was impossible to test this hypothesis.
Results from the crash analysis show thastcrashes occurreith the ativity areaand arerear
enced. In addition, arash is more likely to occuan weekday, off-peak hourin the daytime,no worker
presentat rural work zones. Arash is severer whedriversdriving drunk, during the dytime,on
weekday, and nore vehicleareinvolved
For crash occurred work zone areas, according to the model redudtisseawarningand tansition
areas neetb pay attention t@oad conditions (e.g., worn, obstruction, debris), AABdavy vehicls,
rural areasanddriver age younger than 25 yealctivity areas need to pay attentionwmrk zone
type,heavy vehicleandcurvature. Lastly,e¢rmination aresneed to pay attention taghttime,weekend,

driving impaired (alcohol)young driverand oad conditions

72



REFERENCES

Abaza, O., & Chowdhury, T. D. Effectiveness of VSL Signs in Reducing Crash RaiRsaohvay
Construction Work Zones in Alask&onference Paper, New York City: 19th International
Conference on Traffic Guidance and Transportation, 2017.

Akepati, S. R., & Dissanayake, S. (2011). Characteristics and contributory factors of wockasbmes.
Proceedings of the 90th Annual Meeting, Transportation Research Board, Washington, DC.
Arizona Department of Transportation, ADOT. (2019). Smart Work Zone Technical Concept Study
Phase No. 1 Final Working Paper 1 Nationwide Review of SWZ Techrmjies.

https://azdot.gov/sites/default/files/media/2020/09/ADSW Z-Study-WP-1-Nationwide
Reviewof-SWZ-Tech.pdf

Azimi, M., I. Oyelade, A.M. Aremu, and et al. (2021). Selection and implementation of intelligent
transportation systems for work zone conginn projects. Future Transportation. 1, 1687.

Bham, G. H. & M.C. Leu (2018) A driving simulator study to analyze the effects of portable changeable
message signs on mean speeds of drivers, Journal of Transportation Safety & Secu@ty}30:1
71, DA: 10.1080/19439962.2017.1314398

Bledsoe, J., Raghunathan, D., & Ullman, J. (2014). Kansas Demonstration Project: Improvements to
the Homestead Lane85 Interchange in Johnson County.

Camille Kamga et al., 2020. Mobility Trends in New York City during GD\19 Pandemic:

Analyses of Transportation Modes throughout April 2020.

Clark, J., Neuner, M., Sethi, S., Bauer, J., Bedsole, L., & Cheema, A. (d0ai@¥portation Systems
Management and Operations in Actigvo. FHWA-HOP-17-025). United States. Federal
Highway Administration.

Domenichini, L. Francesca La Torre, Valentina Branzi, Alessandro Nocentini. Speed behaviour in work
zone crossovers. A driving simulator study. Accident Analysis & Prevention. Volume 98, 2017,
Pages 14.

Dudek, C.L., R.D. Huchings. R.D., R.J. Koppa, and M.L. Edwards. (1978a). Human Factors
Requirements for Redlime Motorist Information Displays, Vol. liDEvaluation of Traffic State
Descriptor Variables. Report No. FHWRD-78-14. FHWA, U.S. Department of Transportation.

Dudek, CL., G.D. Weaver, D.R. Hatcher, S.R. Richards. (1978b). Field Evaluation of Messages for
RealTime Diversion of Freeway Traffic for Special Events. Transportation Research Record 682,
37-45.

Edara, Praveen, Carlos Sun, and Andrew Robertson. Effectivefie¥¢or Zone Intelligent
Transportation Systems. Final Report, Midwest Smart Work Zone Deployment Initiative, 2013.

FHWA website. https://ops.fhwa.dot.gov/wz/resources/publications/publications.#totessed on
February 18, 2022.

73



FMCSA, 2007. Federal Motor Carrier Safety Administration, Office of Research and Analysis.
Publication No. FMCSARRA-07-017, July 2007 https://www.fmcsa.dot.gov/safety/research
andanalysis/largdruck-crashcausatiorstudy-analysisbrief. Accessed on November 21, 2021.

Fontaine, M.D.PaulJ. Carlson. Evaluation of Speed Displays and Rumble Strips atRanalenance
Work Zones. TRR, 2001. DOI: 10.3141/17@5

Garber, N.J., and S.T. Patel. Control of Vehicle Speeds in Temporary Traffic Control Zones (Work
Zones) Using Changeable MessaggnSiwith Radar. Transportation Research Record, No. 1509,
1995, pp. 7881.

Ghader, S., Zhao, J., Lee, M., Zhou, W., Zhao, G., Zhang, L., 2020. Observed mobility
behavior data reveal social distancing inertia. arXiv preprint arXiv:2004.14748.

Habermann, J2015). I35 smart work zone updafeexas Department of Transportation Short Course
Slides ftp.dot.state.tx.us/pub/txdanfo/cst/conference/washjbabermann.pdf

Hallmark, S., A. Sharma, B. Lawton, et §020). Assessing Driver Behavior at Back aigQes:
Implications for Queue Warning System in Work Zones. Final ReportiiNoans Project 1.9
686.
https://intrans.iastate.edu/app/uploads/2020/07/wz_back_of _queue_driver_behavior_assessment
_w_cvr.pdf

Hourdos, J., Liu, Z., Dirks, P., Liu, H. X., Huarg,, Sun, W., & Xiao, L. (2017). Development of a
gueue warning system utilizing ATM infrastructure system development anediidg. No.
MN/RC 201720. Minnesota. Dept. of Transportation. Research Services & Library, 2017.

Hourdos J., Parikh, G., Dirks, P., Lehrke, D., & Lukashin, P. (2019). Evaluation of the Smart Work
Zone Speed Notification SystefiNo. MN/RC 201921). Minnesota Traffic Observatory
Laboratory.

Huang and Bai. (2014). Effectiveness of graghiedportable changeable message signs in reducing
vehicle speeds in highway work zones. TR Part C.

Huebschman, C.R., C. Garcia, D.M. Bullock, and D.M. Abraham. Construction work zone safety.
Report No. FHWA/IN/JTRR2002/34. Purdue University, Joint TranspadatResearch Program.,
2003.

Kermode, R.H. and Myyra, W.A. (1970). Freeway Lane Closure. Traffic Engineering,i4@®.14

Ki m, H. , S. Ki m, S. Par k, and K. Jang, i ASssessme
speed data: Spot speedvs.sampl j our ney speed in South Korean
Int. Eastern Asia Soc. Transp. Stud., Taipei, Taiwan, 2013.

King, Tyson W., Carlos C. Sun, and Mark R. Virkler. Evaluation of a freeway work zone advance speed
advisory system using multiple meass.Transportation Research Board, Washington,
DC (2004).

Knickerbocker, S., Wang, S., Hawkins, N., Sharma, A., & Hans, Z. (28b&)ysis of Dynamic
Advisory Messagirid’hase lI(No. InTrans Project 2691).

74


https://www.fmcsa.dot.gov/safety/research-and-analysis/large-truck-crash-causation-study-analysis-brief
https://www.fmcsa.dot.gov/safety/research-and-analysis/large-truck-crash-causation-study-analysis-brief

Li, Y., andY. Bai. (2009) Highway work zoneisk factors and their impact on crash severity.
Journal ofTransmrtationEngneering 135(10), pp.694701

Li, Y., Y. Bai, and U. Firman. Determining the Effectiveness of PCMS on Reducing Vehicle Speed in
Rural Highway Work Zones. Presented at 89tmu#al Meeting of the Transportation Research
Board, Washington, D.C., 2010.

Li, Y., Martinez Mori, J. C., & Work, D. B. (2016dmproving the effectiveness of smart work zone
technologieslllinois Center for Transportation/lllinois Department of Transpmta

Lin, P.W., K.P. Kang & G.L. Chang. (2004). Exploring the Effectiveness of Variable Speed Limit
Controls on Highway WorZone Operations, Intelligent Transportation Systems, 8(3),1685

Luttrell, T., Robinson, M., Rephlo, J., Haas, R., Srour,dngBohal, R., ... & Scriba, T. (2008enefits
of using intelligent transportation systems in work zones: a summary (®morEHWA-HOP-

08-021). United States. Federal Highway Administration. Office of Transportation Operations.

Maoh, Hanna, an@®i | | i am Ander son. 2 0 219 on thie Mbvement of Jracks of C
Bet ween Canada and t he Us: Evi deFAndirgs, fr om
June https://doi.org/10.32866/001c.24958ccessed oifrebruary 14, 2022

Massachusetts Department of Transportation, MassDOT. (2014). Smarter Work Zones Technology
Applications Case Study: Technology Applications on the Callahan Tunnel Project.

Mattox IIl, J. H., Sarasua, W. A., Ogle, J. H., Eckenrode, R& Dunning, A. (2007). Development
and evaluation of speeattivated sign to reduce speeds in work zohemsportation research
record,2015(1), 311.

McCoy, P.T., J.A. Bonneson, and J.A. Kollbaum. Speed Reduction Effects of Speed Monitoring
Displays with Radar in Work Zones on Interstate Highways. Transportation Research Record, No.
1509, 1995, pp. 652.

McCoy, P. T., & Pesti, G. (2002). Effectiveness of condiiesponsive advisory speed messages in
rural freeway work zones. Transportation ReseamtoRl, 1794, 1i118.

Middleton, D., R. Brydia, G. Pesto, P. Songchitruska, K. Balke, G. Ullman. Use of intelligent
transportation systems in rural work zones; Report No. FHWAITX6427-1. Texas
Department of Transportation, 2011.

Minnesota Department dfransportation, MNnDOT. (2008). Minnesota IWZ Toolbox: Guideline for
Intelligent Work Zone System Selectidnitps://www.workzonesafety.org/publication/minnesota
iwz-toolbox-guidelinefor-intelligentwork-zonesystemselection/

Miovision Scout Website. https://help.miovision.com/s/article/Sce@bnnect--
FAQ?language=en_U®%ccessed date: June 6, 2021.

MUTCD (2009). Manual on UniformdTHaghway€pn2009
Chapter 6C. United States Department of Transp

Nebraska DHHS (Depart ment hotft pHse:a/l/tcdhh hasn.dn-&-Bugmavn/ PSae
Direde aMehsur esAacessed on December 11, 2020.

75


https://doi.org/10.32866/001c.24958
https://help.miovision.com/s/article/Scout-Connect---FAQ?language=en_US
https://help.miovision.com/s/article/Scout-Connect---FAQ?language=en_US
https://dhhs.ne.gov/Pages/COVID-19-Directed-Health-Measures.aspx
https://dhhs.ne.gov/Pages/COVID-19-Directed-Health-Measures.aspx

Pant , P. D. (2017) . FBEWArtvéevokkogn 082/ Spdtemsetty,
Paracha, J., & Ostroff, R. (2018) .Pulbikmras@d\8i2ng Wor |
Pesti, G., Wiles, P., Cheu, R. L. K., Songchitruksa, P., Shelton, J., & Cooner, S. 1286&) control
strategies for congested freeways and wadnegNo. FHWA/TX-08/0-53262). Texas
Transportation Institute.

Radwan, E., Harb, R., & Ramasamy, S. (2009). Evaluation of safety and operational effectiveness of
dynamic lane merge system in Florida: final report, April 2009.

Raub, R. A., O. B. Sawaya, L. Schofer, and A. Ziliaskopoulos. 2001. Enhanced Crash Reporting to
Explore Work Zone Crash Patterns. Northwestern University Center for Public Safety, Evanston,
IL

Richards, S.H., R.C. Wunderlich, and C.L. Dudek. Field Evaluation of Work Zone SpegICo
Techniques. Transportation Research Record, No. 1035, 1986, [78. 66

Roelofs, T., & Brookes, C. (20143ynthesis of intelligent work zone practi¢ds. ENT-20141).

Scriba, T., & Atkinson, J. (2014). Creating Smarter Work ZoReblic Roads77(5).

Shauna Hallmark, Anuj Sharma, Brianna Lawton, Guillermo Badtllas, Anna Bilek, Nicole
Oneyear, and Theresa Litteré?020). Assessing Driver Behavior at Back of Queues: Implications
for Queue Warning System in Work Zones.

Texas A&M Transportation Institute. (2018). Facilitating Deployment Decisions of Highly Portable
Endof-Queue Warning Systemdttps://tti.tamu.edlfeaturedproject/facilitatingdeployment
decisionsof-highly-portableendof-queuewarningsystems/

Ullman, G. L., Schroeder, J. L., & Gopalakrishna, D. (204 of technology and data for effective
work zone management: Work zone ITS implementatiiole (No. FHWA-HOP-14-008). United
States. Federal Highway Administration. Office of Operations.

Ullman, G., & Schroeder, J. (2014itigating work zone safety and mobility challenges through
Intelligent Transportation Systems: Case Stufies FHWA-HOP-14-007).

USDOT Federal Highway Administration. (2004). ITS in Work Zones: Using an Automated Traffic
Information System to Reduce Congestion and Improve Safety During Reconstructiong5the |
Lake Springfield Bridge in lllinois. Case Study, Washington: ISDOT Federal Highway
Administration.

USDOT Federal Highway Administration. (2008). Benefits of Using Intelligent Transportation Systems
in Work Zones. Summary Report, Washington DC: US Department of Transportation Federal
Highway Administration.

Van Jum, J., Haines, D., & Gemperline, A. (2018). Use of portable and dynamic variable speed limits
in construction zoneJransportation research recor@67416), 3545.

Vingilis et al., 2020. Coronavirus disease 2019: what could be the effects on road safety?

Wang, C., K.K. Dixon, and D. Jared. (2003). Evaluating Syfeediuction Strategies for Highway Work
Zones. Transportation Research Record 1824 Paper N4093.

76



Zech, W. C., B. Mohan, and J. Dmochowski. Evaluation of Messages on Changeable Message Signs
a Speed Control Measure in Highway Work Zones. Practice Periodical on Structural Design and
Construction, Vol. 13, No. 1, 2008, pp.ilB. https://doi.org/10.1061 /(ASCE)108680(2008)

13:1 (11).

Zwahlen, H. T., & Russ, A. (2001). Evaluation of a féale travel time prediction system in a freeway

construction work zone: final report, March 2001.

77



APPENDICES

A. Al gorithm and Codes for Travel T

library(tidyverse)
library(data.table)

day < "9-9"

loc < "WACO_WB_PCMS"
SENSOR <"RDR02"
PCMS < "MB10":

Station1<"SCU6UB_Stal"; Station24SCU6TZ_Sta2";
Station3<"SCU6T2_Sta3"; Station4¥SCU6T1_Stad";
Station5<"SCU6VA_Stab"

distl2 = 2112; dist23 = 3167;

dist34 = 2112;dist45 = 3151 #ft

stp<as.numeric(aPOSIXct(paste('2020,day0," 00:00:00",sep="")))
edp<as.numeric(as.POSIXct(paste("2628ay0," 23:59:59",sep="")))

bins < seq(as.numeric(as.POSIXct(paste("202iay0," 08:00:00",sep=""))),
as.numeric(as.POSIXct(paste("2026ay0," 20:00:00",sep=""))by=3600)

bin < data.frame(start.bin=bing¢ngth(bins)],end.bin=lead(binsingth(bins)])

me

BHHHHHH R R R R R R R

setwd("C:/Users/Liz/Desktop/Data Collection/Wddtca/Miovision _Data/")
day < "09-09"

stal < read.csv(paste(loc,p,"

i non

,day," ",Stationl,".csv",sep=""),sep=",") ## need to change

sta2 < read.csv(paste(loc,p,"_",day," ",Station2,".csv",sep=""),sep=",")
sta3 < read.csv(paste(loc,p,” ",day," ",Station3,".csv",sep=""),sep=",")
sta4 < read.csv(paste(loc,p,” ",day," ",Station4,".csv",sep=""),sep=",")
stab < read.csv(paste(loc,p,” ",day," ",Station5,".csv",sep=""),sep=",")
stal$Time <gsub("[T]", " ", stal$Time, perl=TRUE)
sta2$Time <gsub("[ T]", " ", sta2$Time, perl=TRUE)
sta3f¥ime < gsub("[ T]"," ", sta3$Time, perl=TRUE)
sta4$Time <gsub("[ T]"," ", sta4$Time, perl=TRUE)
stab$Time <gsub("[ T]"," ", sta5$Time, perl=TRUE)
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stal < stal %>% filter(as.numeric(as.POSIXct(Time))>as.numeric(as.POSIXct(paste(".2ag0
08:00:00",sep=""))&

as.numeric(as.POSIXct(Time))<as.numeric(as.POSIXct(paste(*20a9," 20:00:00",sep=""))))%>%
mutate(Uni_time = as.numeric(as.POSIXct(Time))) %>% separate(Time, c("Date",

"Time")," ") %>% separate(Time, c("Time", NA)})

sta2 < sta2 %>% mutate(Uni_time = as.numeric(as.POSIXct(Time))) %>% separate(Time, c("Date",

"Time")," ") %>% separate(Time, c("Time", NAY,)

sta3 < sta3 %>% mutate(Uni_time = as.numeric(as.POSIXct(Time))) %>% separate(Time, c("Date",

"Time")," ") %>% separate(Time, c("Time", NAY,")

stad < stad %>% mutate(Uni_time = as.numeric(as.POSIXct(Time))) %>% separate(Time, c("Date",

"Time")," ") %>% separate(Time, c("Time", NAY,)

stab < sta5 %>% mutate(Uni_time = as.numeric(as.POSIXct(Time))) %eparate(Time, c("Date”,

"Time")," ") %>% separate(Time, c("Time", NAY,)

dt<-ifelse(day=="0903",1599109200,1599627600)
stal$TimeO<(stal$Uni_timedt)/86400

sta2$TimeO<(sta2$Uni_timedt)/86400

sta3$TimeO<(sta3$Uni_timedt)/86400

sta4$TimeO<(sta4$Uhi_time-dt)/86400

sta5$TimeO<(sta5$Uni_timedt)/86400

R R R A R R A A A A

#H##H# data when star message is displayed (free traffic) ##HH#H

msg_star <data.frame(code = msg$Msg_code,begin = msg$Time, éemtimsg$Time))

msg_star <msg_stadnrow(msg_star),] %>% filter(code == 3|code == 4)

star_stal = star_sta2 = star_sta3 = star_sta4 = star -3tk &

if(nrow(msg_star)!=0}

for(k in 21l:nrow(msg_star)){star_stadbind(star_stal,stal %>% filter(TimeO %een%
msg_star[k1]))}

for(k in 1:nrow(msg_star)){star_stazbind(star_sta2,sta2 %>% filter(Time0 %between%
msg_star[k,1]))}

for(k in 1:nrow(msg_star)){star_stadbind(star_sta3,sta3 %>% filter(Time0 %between%
msg_star[k,1]))}

for(k in 21:nrow(msg_std){star_stad<rbind(star_stad,stad %>% filter(TimeO %between%
msg_star[k1]))}
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for(k in l:nrow(msg_star)){star_stagbind(star_sta5,sta5 %>% filter(Time0 %between%
msg_star[k1]))}}

#H#### data when slow message is displayed (slow traffic) #####

msg_sbw <- data.frame(code=msg$Msg_code,begin=msg$Time,end=lead(msg$Time))
msg_slow <msg_slow %>% filter(code==2)
slow_stal=slow_sta2=slow_sta3=slow_stad4=slow_stBGkL

if(nrow(msg_slow)!=0){

for(k in 1l:nrow(msg_slow)){slow_statrbind(slow_stal,stal %>% t@r(TimeO %between%
msg_slow[k;1]))}

for(k in 1l:nrow(msg_slow)){slow_sta2rbind(slow_sta2,sta2 %>% filter(TimeO %between%
msg_slow[k;1]))}

for(k in l:nrow(msg_slow)){slow_sta3rbind(slow_sta3,sta3 %>% filter(Time0 %between%
msg_slow[k;1]))}

for(k in Lnrow(msg_slow)){slow_sta4«bind(slow_stad,sta4 %>% filter(TimeO %between%
msg_slow[k;1]))}

for(k in l:nrow(msg_slow)){slow_sta5rbind(slow_sta5,sta5 %>% filter(Time0 %between%
msg_slow[k;1]))}}

#H#### data when stop message is displayed (stop traffie

msg_stop <data.frame(code = msg$Msg_code,begin = msg$Time, end = lead(msg$Time))
msg_stop <msg_stop%>%filter(code == 1)

stop_stal = stop_sta2 = stop_sta3 = stop_stad = stop -JthH kK

if(nrow(msg_stop)!=0){

for(k in 21:nrow(msg_stop{stop_stal<rbind(stop_stal,stal %>% filter(TimeO %between%
msg_stop[k1]))}

for(k in 21:nrow(msg_stop)){stop_stazbind(stop_sta2,sta2 %>% filter(TimeO %between%
msg_stop[k1]))}

for(k in 21l:nrow(msg_stop)){stop_stadbind(stop_sta3,sta3 %>% filter(he0 %between%
msg_stop[k1]))}

for(k in 21l:nrow(msg_stop)){stop_stadbind(stop_stad,stad %>% filter(TimeO %between%
msg_stop[k1]))}

for(k in 21l:nrow(msg_stop)){stop_stagbind(stop_stab,sta5 %>% filter(Time0 %between%

msg_stop[k1]))}}

BHHHHHH B R
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HHH R NSO _Star #HHHHHHHHHHHEH T

HHH T R T R R T T

par(mfrow=c(2,3))

s lo<0

s_hi <100

#H#HH from Station 1 to Station 2 ####

star_stal2 <merge(star_stal, star_sta2, by = "Object.ldentifica}ion”
names(star_stal2)[c(5,6,11,12)]ct "Time.s", "Uni_time.s", "Time.e", "Uni_time.e")

star_stal2 < star_stal2[!duplicated(star_stal2),c("Object.ldentification”, "Time.s", "Uni_time.s",
"Time.e", "Uni_time.e")]

star_stal2 <transform(star_stal2,id=asmaric(factor(star_stal2$Object.Identification)))

star_t12 <NULL
for(k in unique(star_stal2$id)){

star_temp_t12 <star_stal2[star_stal2$id == k,]

if(diff(range(star_temp_t12$Uni_time.s)) > 10){star_temp_t12- <star temp_t12 %>%
filter(Uni_time.s > nn(Uni_time.s) & Uni_time.s < max(Uni_time.s))}

if(nrow(star_temp_t12) > O0){if(diff(range(star_temp_t12$Uni_time.e)) > 10){star_temp_t12 <
star_temp_t12 %>% filter(Uni_time.e > min(Uni_time.e) & Uni_time.e < max(Uni_time.e))}}

if(nrow(star_temp_t12) ¥){star_temp_t12 <star_temp_t12 %>% mutate(diff = max(Uni_time.e)
max(Uni_time.s))

star_t12 < rbind(star_t12,
star_temp_tl12[star_temp_t12$Uni_time.e==max(star_temp_t12$Uni_time.e)&star_temp_t12$Uni_ti
me.s==max(star_temp_t12$Uni_time.s),])

1
star s12 < data.frame(star_t12,sms=0.681818*dist12/star_t123$diff) ## convert ft/s to mph

star_s12 <star_s12%>%filter(sms < s_hi & sms>s_|o)

d_star_s124ist(star_s12$sms, freq = FALSE, xlab "Average Speed (mph)", main =
"Freeflow_Stations 12")

abline(v = median(star_s12$sms), col= "red", Ity="dashed", lwd=2)

text(median(star_s12$sms), max(d_star_s12$density), paste("M=", round(median(star_s12$sms),1),",

N=", nrow(star_s12),sep=""))
count<-NULL

for(i in 1:nrow(bin)) {count[i]<length(star_s12$Object.Identification[star_s12$Uni_time.1 >= bin[i,1]
& star_s12$Uni_time.1 <= bin[i,2]])}
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star_stal2 countdata.frame(from_hour=seq(8,19,1),to_hour=seq(9,20,1),count=count)

#H#### from Station B Station 3 ####

star_sta23 <merge(star_sta2, star_sta3, by = "Object.Identification")
names(star_sta23)[c(5,6,11,12)]ct "Time.s", "Uni_time.s", "Time.e", "Uni_time.e")

star_sta23 < star_sta23['duplicated(star_sta23),c("Object.ldentification”, €lgh "Uni_time.s",
"Time.e", "Uni_time.e")]

star_sta23 <transform(star_sta23,id=as.numeric(factor(star_sta23$Object.Identification)))

star_t23 <NULL
for(k in unique(star_sta23$id))}{

star_temp_t23 <star_sta23[star_sta233$id == k,]

if(diff(range(dar_temp_t23%Uni_time.s)) > 10){star_temp_t23 - <star_temp_t23  %>%
filter(Uni_time.s > min(Uni_time.s) & Uni_time.s < max(Uni_time.s))}

if(nrow(star_temp_t23) > O0){if(diff(range(star_temp_t23%$Uni_time.e)) > 10){star_temp_t23 <
star_temp_t23 %>% filter(kl_time.e > min(Uni_time.e) & Uni_time.e < max(Uni_time.e))}}

if(nrow(star_temp_t23) > O){star_temp_t23 star_temp_t23 %>% mutate(diff = max(Uni_time.e)
max(Uni_time.s))

star_t23 < rbind(star_t23,
star_temp_t23[star_temp_t23$Uni_time.e==max(stanpt t23$Uni_time.e)&star_temp_t23$Uni_ti
me.s==max(star_temp_t23%Uni_time.s),])
1
star_s23 <data.frame(star_t23,sms=0.681818*dist23/star_t23%diff) ## convert ft/s to mph

star_s23 <star_s23%>%filter(sms < s_hi & sms> s_lo)

d_star_s23<ist(star_s23$sms freq = FALSE, xlab = "Average Speed (mph)", main =
"Freeflow_Stations 2 3")

abline(v = median(star_s23%sms), col="red", Ity="dashed", lwd=2)

text(median(star_s23%$sms), max(d_star_s23$density), fMdste(round(median(star_s23%sms),1),",

N=", nrow(star_s23),sep=""))

count<NULL
for(i in 1:nrow(bin)) {count[i]<length(star_s23$Object.ldentification[star_s23$Uni_time.2 >= bin[i,1]
& star_s23$Uni_time.2 <= bin[i,2]])}

star_sta23_countdata.frame(fromhour=seq(8,19,1),to_hour=seq(9,20,1),count=count)
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#H### from Station 3 to Station 4 ####

star_sta34 <merge(star_sta3, star_sta4, by = "Object.Identification”)
names(star_sta34)[c(5,6,11,12)]cf "Time.s", "Uni_time.s", "Time.e", "Uni_time.e")

star_sha34 < star_sta34[!duplicated(star_sta34),c("Object.Identification”, "Time.s", "Uni_time.s",
"Time.e", "Uni_time.e")]

star_sta34 <transform(star_sta34,id=as.numeric(factor(star_sta34$Object.Identification)))

star_t34 <NULL
for(k in unique(star_sta34&)){

star_temp_t34 <star_sta34[star_sta343id == k,]

if(diff(range(star_temp_t34$Uni_time.s)) > 10){star_temp_t34- <star_temp_t34 %>%
filter(Uni_time.s > min(Uni_time.s) & Uni_time.s < max(Uni_time.s))}

if(nrow(star_temp_t34) > O0){if(diff(range(statemp_t34$Uni_time.e)) > 10){star_temp_t34 <
star_temp_t34 %>% filter(Uni_time.e > min(Uni_time.e) & Uni_time.e < max(Uni_time.e))}}

if(nrow(star_temp_t34) > 0){star_temp_t34 star_temp_t34 %>% mutate(diff = max(Uni_time-e)
max(Uni_time.s))

star t34 < rbind(star_t34,
star_temp_t34[star_temp_t34$Uni_time.e==max(star_temp_t343Uni_time.e)&star_temp_t34$Uni_ti
me.s==max(star_temp_t34$Uni_time.s),])
1
star_s34 <data.frame(star_t34,sms=0.681818*dist34/star_t34%diff) ## convert ft/s to mph

star_s34 <star_s34%>%filter(sms < s_hi & sms> s_lo)

d_star_s344hist(star_s34%$sms, freq = FALSE, xlab = "Average Speed (mph)", main =
"Freeflow_Stations 34")

abline(v = median(star_s34%sms), col="red", Ity="dashed", lwd=2)

text(median(star_s34%$sms), max(d_std4$density), paste("M=", round(median(star_s34%sms),1),",

N=", nrow(star_s34),sep=""))

count<NULL
for(i in 1:nrow(bin)) {count[i]<length(star_s34$Object.ldentification[star_s34$Uni_time.3 >= bin[i,1]
& star_s34$Uni_time.3 <= bin[i,2]])}

star_sta34_countdata.frame(from_hour=seq(8,19,1),to_hour=seq(9,20,1),count=count)
#H### from Station 4 to Station S5##

star_sta4b <merge(star_sta4, star_sta5, by = "Object.Identification")
names(star_sta45)[c(5,6,11,12)]ct "Time.4", "Uni_time.4", "Time.5", "Uni_time.5")
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star_sta45 < star_sta45[!duplicated(star_sta45),c("Object.ldentification”, "Time.4", "Uni.4ime
"Time.5", "Uni_time.5")]

star_stadb <transform(star_sta45,id45=as.numeric(factor(star_sta45%Object.ldentification)))

star_t45 <NULL
for(k in unique(star_sta45$id))}{

star_temp_t45 <star_sta45[star_sta45%id == k,]

if(diff(range(star_temp_t483$ni_time.4)) > 10){star_temp_t45 -< star_temp_t45 %>%
filter(Uni_time.4 > min(Uni_time.4) & Uni_time.4 < max(Uni_time.4))}

if(nrow(star_temp_t45) > 0){if(diff(range(star_temp_t45%Uni_time.5)) > 10){star_temp_t45 <
star_temp_t45 %>% filter(Uni_time.5 >imgUni_time.5) & Uni_time.5 < max(Uni_time.5))}}

if(nrow(star_temp_t45) > 0){ star_temp_t45star_temp_t45 %>% mutate(diff = max(Uni_time.5)
max(Uni_time.4))

star_t45 < rbind(star_t45,
star_temp_t45[star_temp_t45%Uni_time.5==max(star_temp_t458hei.5)&star_temp_t45$Uni_ti
me.4==max(star_temp_t45%Uni_time.4),])
1
star_s45 <data.frame(star_t45,sms=0.681818*dist45/star_t45%diff) ## convert ft/s to mph

star_s45 <star_s45%>%filter(sms <s_hi & sms>s_lo)

d_star_s454ist(star_s45%sms, freq = FSE, xlab = "Average Speed (mph)', main =
"Freeflow_Stations 45")
abline(v = median(star_s45%sms), col="red", Ity="dashed", lwd=2)

text(median(star_s45%sms), max(d_star_s45%density), paste("M=", round(median(star_s45%sms),1),",

N=", nrow(star_s45),sep3")

count<NULL
for(i in 1:nrow(bin)) {count[i]<length(star_s45%Object.ldentification[star_s45%$Uni_time.4 >= bin[i,1]
& star_s45%Uni_time.4 <= bin[i,2]])}

star_sta45_countdata.framérom_hour=seq(8,19,1),to_hour=seq(9,20,1),count=count)
HHH T T R R T T
HHH R MSQ_SlOw #HHHHEHHHHEHH
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HitH#HE from Station 1 to Station 2 ##H##

slow_stal2 <merge(slow_stal, slow_&aby = "Object.ldentification™)
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names(slow_stal2)[c(5,6,11,12}]&( "Time.s", "Uni_time.s", "Time.e", "Uni_time.e")
slow_stal2 <slow_stal2[!duplicated(slow_stal2),c("Object.ldentification”, "Time.s", "Uni_time.s",
"Time.e", "Uni_time.e")]

slow_stal2 <transform(slow_stal2,id=as.numeric(factor(slow_stal2$Object.Identification)))

slow t12 < NULL
for(k in unique(slow_sta12$id)){

slow_temp_t12 <slow_stal2[slow_stal23$id == k,]

if(diff(range(slow_temp_t12$Uni_time.s)) > 10){slow_temp_t12- <slow_tenp_t12 %>%
filter(Uni_time.s > min(Uni_time.s) & Uni_time.s < max(Uni_time.s))}

if(nrow(slow_temp_t12) > O){if(diff(range(slow_temp_t12$Uni_time.e)) > 10){slow_temp_t12 <
slow_temp_t12 %>% filter(Uni_time.e > min(Uni_time.e) & Uni_time.e < max(Uni_tijhg.e

if(nrow(slow_temp_t12) > 0){slow_temp_t12 slow_temp_t12 %>% mutate(diff = max(Uni_time.e)
- max(Uni_time.s))

slow_t12 < rbind(slow_t12,
slow_temp_t12[slow_temp_t12$Uni_time.e==max(slow_temp_t12$Uni_time.e)&slow_temp_t12$Un
i_time.s==max(slow_tap_t12$Uni_time.s),])

1
slow_s12 <data.frame(slow_t12,sms=0.681818*dist12/slow_t12$diff) ## convert ft/s to mph

slow_s12 <slow_s12%>%filter(sms < s_hi & sms>s_lo)

d_slow_sl12<hist(slow_s12%sms, freq = FALSE, xlab = "Average Speed (mph)", main =
"Freeflow_Stations 2 3")

abline(v = median(slow_s12%sms), col="red", lty="dashed", Iwd=2)

text(median(slow_s12$sms), max(d_slow_s12$density), paste("M=",

round(median(slow_s12$sms),1),", N=", nrow(slow_s12),sep="") )

count<NULL
for(i in 21:nrow(bin)) {count[i]<length(slow_s12$Object.ldentification[slow_s12$Uni_time.1 >=
bin[i,1] & slow_s12$Uni_time.1 <= bin[i,2]])}

slow_stal2 countdata.frame(from_hour=seq(8,19,1),to_hour=seq(9,20,1),count=count)

##### from Station 2 to Station 3##

slow_sta23 <merge(slow_sta2, slow_sta3, by = "Object.Identification")
names(slow_sta23)[c(5,6,11,12}]&( "Time.s", "Uni_time.s", "Time.e", "Uni_time.e")

slow_sta23 <slow_sta23[!duplicated(slow_sta23),c("Object.ldentification”, "Time.s", "Uni_skihe

"Time.e", "Uni_time.e")]
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slow_sta23 <transform(slow_sta23,id=as.numeric(factor(slow_sta23%$Object.Identification)))

slow_t23 < NULL
for(k in unique(slow_sta23$id)){

slow_temp_t23 <slow_sta23[slow_sta233$id == k,]

if(diff(range(slow_temp_t23$Untime.s)) > 10){slow_temp_t23 -< slow_temp_t23 %>%
filter(Uni_time.s > min(Uni_time.s) & Uni_time.s < max(Uni_time.s))}

if(nrow(slow_temp_t23) > 0){if(diff(range(slow_temp_t23$Uni_time.e)) > 10){slow_temp_t23 <
slow_temp_t23 %>% filter(Uni_time.e > nfldni_time.e) & Uni_time.e < max(Uni_time.e))}}

if(nrow(slow_temp_t23) > 0){slow_temp_t23 slow_temp_t23 %>% mutate(diff = max(Uni_time.e)
- max(Uni_time.s))

slow t23 < rbind(slow_t23,
slow_temp_t23[slow_temp_t23$Uni_time.e==max(slow_temp_t23$Une.¢)&slow_temp_t23$Un
i_time.s==max(slow_temp_t233Uni_time.s),])

1
slow_s23 <data.frame(slow_t23,sms=0.681818*dist23/slow_t23%diff) ## convert ft/s to mph

slow_s23 <slow_s23%>%filter(sms < s_hi & sms>s_lo)

d_slow_s23<hist(slow_s23%sms, freq = FAES xlab = "Average Speed (mph)", main =
"Freeflow_Stations 2 3")

abline(v = median(slow_s23%sms), col="red", lty="dashed", Iwd=2)

text(median(slow_s23$sms), max(d_slow_s23$density), paste("M=",

round(median(slow_s23%sms),1),", N=", nrow(slow_s23),sep=""

count<NULL
for(i in 1:nrow(bin)) {count[i]<length(slow_s23%O0bject.ldentification[slow_s23$Uni_time.1 >=
bin[i,1] & slow_s23$Uni_time.1 <= bin[i,2]])}

slow_sta23 countdata.frame(from_hour=seq(8,19,1),to_hour=seq(9,20,1),count=count)

#H### fromStation 3 to Station 4 ##H#H#

slow_sta34 <merge(slow_sta3, slow_sta4, by = "Object.Identification")
names(slow_sta34)[c(5,6,11,12}]&( "Time.s", "Uni_time.s", "Time.e", "Uni_time.e")
slow_sta34 <slow_sta34[!duplicated(slow_sta34),c("Object.ldentifimat, "Time.s", "Uni_time.s",
"Time.e", "Uni_time.e")]

slow_sta34 <transform(slow_sta34,id=as.numeric(factor(slow_sta34$0bject.Identification)))

slow_t34 < NULL
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for(k in unique(slow_sta343id))}{

slow_temp_t34 <slow_sta34[slow_sta343id == k,]

if(diff(range(slow_temp_t343Uni_time.s)) > 10){slow_temp_t34- <slow_temp_t34 %>%
filter(Uni_time.s > min(Uni_time.s) & Uni_time.s < max(Uni_time.s))}

if(nrow(slow_temp_t34) > 0O){if(diff(range(slow_temp_t34$Uni_time.e)) > 10){temp_t34 <
slow_temp_t34 %>% fier(Uni_time.e > min(Uni_time.e) & Uni_time.e < max(Uni_time.e))}}

if(nrow(slow_temp_t34) > 0){slow_temp_t34 slow_temp_t34 %>% mutate(diff = max(Uni_time.e)
- max(Uni_time.s))

slow t34 < rbind(slow_t34,
slow_temp_t34[slow_temp_t343$Uni_time.e==mdons_temp_t34$Uni_time.e)&slow_temp_t34$Un
i_time.s==max(slow_temp_t34$Uni_time.s),])

1
slow_s34 <data.frame(slow_t34,sms=0.681818*dist34/slow_t34$diff) ## convert ft/s to mph

slow_s34 <slow_s34%>%filter(sms < s_hi & sms>s_lo)

d_slow_s34<hist(slow s34$sms, freq = FALSE, xlab = "Average Speed (mph)", main =
"Freeflow_Stations 2 3")

abline(v = median(slow_s34%sms), col="red", lty="dashed", Iwd=2)

text(median(slow_s34%sms), max(d_slow_s34$density), paste("M=",

round(median(slow_s34$sms),1),", N=tow(slow_s34),sep=""))

count<NULL

for(i in 1l:nrow(bin)) {count[i]<length(slow_s34%$Object.ldentification[slow_s34$Uni_time.3 >=
bin[i,1] & slow_s34$Uni_time.3 <= bin[i,2]])}

slow_sta34 _countdata.frame(from_hour=seq(8,19,1),to_hour=seq(9,20,1),countco

####H from Station 4 to Station 5 ####

slow_sta45 <merge(slow_sta4, slow_sta5, by = "Object.Identification")
names(slow_sta45)[c(5,6,11,12)}]& "Time.4", "Uni_time.4", "Time.5", "Uni_time.5")

slow_sta45 <slow_sta45[!duplicatgdlow_sta45),c("Object.Identification”, "Time.4", "Uni_time.4",
"Time.5", "Uni_time.5")]

slow_sta45 <transform(slow_sta45,id45=as.numeric(factor(slow_sta45%Object.Identification)))
slow_t45 < NULL

for(k in unique(slow_sta45$id)){

slow_temp_t45 <slow_sta45[slow_sta45%id == k]
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if(diff(range(slow_temp_t45%Uni_time.4)) > 10){slow_temp_t45- <slow_temp_t45 %>%
filter(Uni_time.4 > min(Uni_time.4) & Uni_time.4 < max(Uni_time.4))}

if(nrow(slow_temp_t45) > 0){if(diff(range(slow_temp_t45%Uni_time.5)) 6){klow_temp_t45 <
slow_temp_t45 %>% filter(Uni_time.5 > min(Uni_time.5) & Uni_time.5 < max(Uni_time.5))}}

if(nrow(slow_temp_t45) > 0){ slow_temp_t45 slow_temp_t45 %>% mutate(diff = max(Uni_time.5)
- max(Uni_time.4))

slow_t45 < rbind(slow_t45,
slow_temp_t45[slow_temp_t453Uni_time.5==max(slow_temp_t45%Uni_time.5)&slow_temp_t45$U
ni_time.4==max(slow_temp_t45%Uni_time.4),])

1
slow_s45 <data.frame(slow_t45,sms=0.681818*dist45/slow_t45%diff) ## convert ft/s to mph

slow_s45 <slow_s45%>%filter(sms s_hi & sms>s_|0)

d_slow_s45<hist(slow_s45%sms, freq = FALSE, xlab = "Average Speed (mph)", main
"Freeflow_Stations 2 3")

abline(v = median(slow_s45%sms), col="red", lty="dashed", Iwd=2)

text(median(slow_s45%sms), max(d_slow_s45%density), pasté("M=

round(median(slow_s45%sms),1),", N=", nrow(slow_s45),sep="") )

count<NULL
for(i in 1l:nrow(bin)) {count[i]<length(slow_s45%Object.ldentification[slow_s45%Uni_time.4 >=
bin[i,1] & slow_s45%Uni_time.4 <= bin[i,2]])}

slow_sta45_countdata.frame(from_haowseq(8,19,1),to_hour=seq(9,20,1),count=count)

BHHHHHH R R R
BHHHHHHARH NSO _StOp HHHHHHHHHIHHHHAHRH
BHHHHHH B R R

#H### from Station 1 to Station 2 ####

stop_stal2 <merge(stop_stal, stop_sta2, byGbfect.ldentification™)
names(stop_stal2)[c(5,6,10,11}]ct "Time.1", "Uni_time.1", "Time.2", "Uni_time.2")

stop_stal2 <stop_stal2[!duplicated(stop_stal2),c("Object.ldentification”, "Time.1", "Uni_time.1",
"Time.2", "Uni_time.2")]

stop_stal2 <transform(stop_stal2,id12=as.numeric(factor(stop_stal2$Object.Identification)))

stop_t12 <NULL
for(k in unique(stop_stal2$id))}{
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stop_temp_t12 <stop_stal2[stop_stal23$id == k,]

if(diff(range(stop_temp_t12$Uni_time.1)) > 10){stop_temp_t12- <stop_temp_t12 %>%
filter(Uni_time.1 > min(Uni_time.1) & Uni_time.1 < max(Uni_time.1))}

if(nrow(stop_temp_t12) > 0)if(diff(range(stop_temp_t12$Uni_time.2)) > 10){stop_temp_t12 <
stop_temp_t12 %>% filter(Uni_time.2 > min(Uni_time.2) & Uni_time.2 < max(Uni_timng.2

if(nrow(stop_temp_t12) > 0){stop_temp_t12stop_temp_t12 %>% mutate(diff = max(Uni_time.2)
- max(Uni_time.1))

stop_t12 < rbind(stop_t12,
stop_temp_t12[stop_temp_t12$Uni_time.2==max(stop_temp_t12$Uni_time.2)&stop_temp_t12$Uni_
time.1==max(stop_tap_t123%Uni_time.1),])

1
stop_s12 <data.frame(stop_t12,sms=0.681818*dist12/stop_t12$diff) ## convert ft/s to mph

stop_s12 <stop_s12%>%filter(sms < s_hi & sms>s_lo)

d_stop_sl12<hist(stop_s12$sms, freq = FALSE, xlab = "Average Speed (mph)", main =
"Freeflow_Stations 2 3")
abline(v = median(stop_s12%sms), col="red", Ity="dashed", lwd=2)

text(median(stop_s12$sms), max(d_stop_s12$density), paste("M=", round(median(stop_s12$sms),1),",
N=", nrow(stop_s12),sep=""))

count<NULL

for(i in 1:nrow(bin)) {caunt[i]<-length(stop_s12$Object.ldentification[stop_s12$Uni_time.1 >= bin[i,1]
& stop_s123$Uni_time.1 <= bin[i,2]])}
stop_stal2_countdata.frame(from_hour=seq(8,19,1),to_hour=seq(9,20,1),count=count)

#H##H from Station 2 to Station 3 ####

stop_sta23 <meige(stop_sta2, stop_sta3, by = "Object.ldentification™)
names(stop_sta23)[c(5,6,10,11}]ct "Time.2", "Uni_time.2", "Time.3", "Uni_time.3")

stop_sta23 <stop_sta23[!duplicated(stop_sta23),c("Object.ldentification”, "Time.2", "Uni_time.2",
"Time.3", "Uni_time.3")]

stop_sta23 <transform(stop_sta23,id23=as.numeric(factor(stop_sta23%$0bject.Identification)))

stop_t23 <NULL
for(k in unique(stop_sta233$id)}{
stop_temp_t23 <stop_sta23[stop_sta23%id == k,]
if(diff(range(stop_temp_t23$Uni_time.2)) > 10){stop_temp_t23- <stop_temp_t23 %>%

filter(Uni_time.2 > min(Uni_time.2) & Uni_time.2 < max(Uni_time.2))}
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if(nrow(stop_temp_t23) > 0){if(diff(range(stop_temp_t23$Uni_time.3)) > 10){stop_temp_t23 <
stop_tempt23 %>% filter(Uni_time.3 > min(Uni_time.3) & Uni_time.3 < max(Uni_time.3))}}

if(nrow(stop_temp_t23) > 0){stop_temp_t23stop_temp_t23 %>% mutate(diff = max(Uni_time.3)
- max(Uni_time.2))

stop_t23 < rbind(stop_t23,
stop_temp_t23[stop_temp_t23$Unine.3==max(stop_temp_t23$Uni_time.3)&stop_temp_t23$Uni_
time.2==max(stop_temp_t23%$Uni_time.2),])

1
stop_s23 <data.frame(stop_t23,sms=0.681818*dist23/stop_t23%diff) ## convert ft/s to mph

stop_s23 <stop_s23%>%filter(sms < s_hi & sms>s_|0)

d_stop_s28-hist(stop_s23%sms, freq = FALSE, xlab = "Average Speed (mph)", main =
"Freeflow_Stations 2 3")

abline(v = median(stop_s23$sms), col="red", Ity="dashed", lwd=2)

text(median(stop_s23$sms), max(d_stop_s23$density), paste("M=", round(median(stop_s2B%sms),
N=", nrow(stop_s23),sep=""))

count<NULL
for(i in 1:nrow(bin)) {count[i]<length(stop_s23%$0Object.ldentification[stop_s23$Uni_time.2 >= bin[i,1]
& stop_s233$Uni_time.2 <= bin[i,2]])}

stop_sta23_countdata.frame(from_hour=seq(8,19,1),to_hour=seq(2)2bunt=count)

#H#HH from Station 3 to Station 4 ####

stop_sta34 <merge(stop_sta3, stop_sta4, by = "Object.Identification™)
names(stop_sta34)[c(5,6,10,11}]ct "Time.3", "Uni_time.3", "Time.4", "Uni_time.4")

stop_sta34 <stop_sta34[!duplicated(stopta34),c("Object.ldentification”, "Time.3", "Uni_time.3",
"Time.4", "Uni_time.4")]

stop_sta34 <transform(stop_sta34,id34=as.numeric(factor(stop_sta343$0bject.Identification)))

stop_t34 <NULL
for(k in unique(stop_sta343id)}{

stop_temp_t34 <stop_sta34[stop_sta34$id == k,]

if(diff(range(stop_temp_t34$Uni_time.3)) > 10){stop_temp_t34- <stop_temp_t34 %>%
filter(Uni_time.3 > min(Uni_time.3) & Uni_time.3 < max(Uni_time.3))}

if(nrow(stop_temp_t34) > 0)if(diff(range(stop_tgmt34$Uni_time.4)) > 10){stop_temp_t34- <
stop_temp_t34 %>% filter(Uni_time.4 > min(Uni_time.4) & Uni_time.4 < max(Uni_time.4))}}
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if(nrow(stop_temp_t34) > 0){stop_temp_t34stop_temp_t34 %>% mutate(diff = max(Uni_time.4)
- max(Uni_time.3))

stop_t34 < rbind(stop_t34,
stop_temp_t34[stop_temp_t34$Uni_time.4==max(stop_temp_t34$Uni_time.4)&stop_temp_t34$Uni_
time.3==max(stop_temp_t343Uni_time.3),])

1
stop_s34 <data.frame(stop_t34,sms=0.681818*dist34/stop_t34$diff) ## convert ft/s to mph

stop_s34 <stop_s34%>%filter(sms < s_hi & sms>s_Io)

d_stop_s34<hist(stop_s34%sms, freq = FALSE, xlab = "Average Speed (mph)", main =
"Freeflow_Stations 2 3")
abline(v = median(stop_s34$sms), col= "red", Ity="dashed", lwd=2)

text(median(stop_s34$sms), max(d_stog$si@nsity), paste("M=", round(median(stop_s34$sms),1),",
N=", nrow(stop_s34),sep=""))

count<NULL
for(i in 1:nrow(bin)) {count[i]<length(stop_s34$Object.ldentification[stop_s343Uni_time.3 >= bin[i,1]
& stop_s343$Uni_time.3 <= bin[i,2]])}

stop_sta34_coustdata.frame(from_hour=seq(8,19,1),to_hour=seq(9,20,1),count=count)

#H### from Station 4 to Station 5 ####

stop_sta45 <merge(stop_sta4, stop_sta5, by = "Object.Identification™)
names(stop_sta45)[c(5,6,10,11}]ct "Time.4", "Uni_time.4", "Time.5", "Unitime.5")

stop_sta45 <stop_sta45[!duplicated(stop_sta45),c("Object.Identification”, "Time.4", "Uni_time.4",
"Time.5", "Uni_time.5")]

stop_sta45 <transform(stop_sta45,id45=as.numeric(factor(stop_sta453$0bject.Identification)))

stop_t45 <NULL
for(k in unique(stop_sta45%id)}{
stop_temp_t45 <stop_sta45[stop_sta45%id == k,]
if(diff(range(stop_temp_t45%Uni_time.4)) > 10){stop_temp_t45- <stop_temp_t45 %>%
filter(Uni_time.4 > min(Uni_time.4) & Uni_time.4 < max(Uni_time.4))}
if(nrow(stop_temp_t45) > Xif(diff(range(stop_temp_t45%Uni_time.5)) > 10){stop_temp_t45 <
stop_temp_t45 %>% filter(Uni_time.5 > min(Uni_time.5) & Uni_time.5 < max(Uni_time.5))}}
if(nrow(stop_temp_t45) > 0)§top_temp_t45 <stop_temp_t45 %>% mutate(diff = max(Uni_time.5)

- max(Uni_time.4))
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stop_t45 < rbind(stop_t45,
stop_temp_t45[stop_temp_t453Uni_time.5==max(stop_temp_t45$Uni_time.5)&stop _temp_t458Uni_
time.4==max(stop_temp_t45%Uni_time.4),])

1
stop_s% <- data.frame(stop_t45,sms=0.681818*dist45/stop_t45%$diff) ## convert ft/s to mph
stop_s45 <stop_s45%>%filter(sms < s_hi & sms>s_lo)

d_stop_s454hist(stop_s45%sms, freq = FALSE, xlab = "Average Speed (mph)", main =
"Freeflow_Stations 2 3")

abline(v= median(stop_s45%sms), col="red", lty="dashed", lwd=2)

text(median(stop_s45%sms), max(d_stop_s45%density), paste("M=", round(median(stop_s45%sms),1),",
N=", nrow(stop_s45),sep="") )

count<NULL
for(i in 1:nrow(bin)) {count[i]<length(stop_s45%$Object.Idefication[stop_s45%Uni_time.4 >= bin[i,1]
& stop_s45%Uni_time.4 <= bin[i,2]])}

stop_sta45 countdata.frame(from_hour=seq(8,19,1),to_hour=seq(9,20,1),count=count)
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Technical Memorandum 1

Intelligent Work Zone Using Automatic QueueDetection Systems FY21 (007))

To Mat t N eLeemaadn NnTAC -WEe@nb eTr af f i ¢
Matt [Beaakde r TAC-WMROWbe®perations
Froi L.R. Rilett, Ph.D., P.E.
Li Zmhh.oD.
Ernest Tufuor
Dat ¢ July 15, 2020
Re: Proposed Data Collection Pl an

1. Background
The researcteam analyzed data frothreepotentialcandidate siteand seven total locations:
1. WacoUtica (WBI1-80 / EB +80)
2. Mahoney (WB 480 / EB +80)
3. Big Springs(WB 1-80 / EB 80 / EB }76)
A synopsis of each site, includimgap and apeed day of week graphis provided inAppendix
A. Note that theGoehnesfMilford (WB 1-80 / EB 80) site has yet been activated and therefore was
not considered in this document. When it becomes activiatedll also be considered for data

collection.

2. Recommendation
Because WactJtica has the most congestjdhe research team recommends that this site be used for
the first data collectionThis was based on the data analysis described in Appendix A.

The team proposes collecting data the westbound location first. Once this is complietes

proposed thadata on the eastbound locatiom collected next

3. Waco-Utica Data Collection Plan
3.1 Waco-Utica: Westbound I-80
The data collection will be conducted in two phases in order to capture behavior at both of the
PDMSs.Both phase land phase 2 will consist of data collection o¥8rweekdayge.g. 20 days in
total). Five (5)Miovision sensors will be placagpstream and downstream of the tagpMSat 0.5
mile intervals as shown iRigure C1_1below. The data will be monitored to see if the Miovision

spacing plan should be modified.
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Figure C1_1.Data Collection Plan: Westbound 1-80 WaccUtica

3.2 Waco-Utica: Eastbound [-80 location

Theeasbound 80 data collection will be conducted in two phases in order to capture behavior at
both of the PDMS sign®oth phase 1 and phase 2 will consist of data collection I¥aveekdays
(e.g. 20 days in totalfive (5) Miovision sensors will be placed upstream and downstream of the target
PDMS at 0.5mile intervals as shown iRigure C1_2below. The data will be matored to see if the

Miovision spacing plan should be modified.

5.00 mi 4.00 mi 2.00 mi 0
c Ik . 1 " 1 L o
= FE . o0
x % %X x xx- % X f '3&\ o —
\ N - \ Miovision ;
Ph;;e 1 Pha;‘e 1l

Figure C1_2. Data Collection Plan: Eastbound1-80 WaccUtica

In addition to the Miovisiondata, the video data, if available, will be collected from the
subcontractor. The travel data from the Regional Integrated Transportation Information System (RITIS)
will also be collectedNote that research team is still working with the RITIS team tainltthe relevant
data. The HCM/WZQPro tool will also be usegbrior tothe data collection, to estimate the max queue

length accumulated upstream of WZ.

4. Questions for NDOT Technical Advisory Committee
The research teamould like to know 1) the start dased 2) the tentative end date fafr

every SWZ projeclisted in Appendix A.
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If possible the research teamaowld like to know thevork schedule (Weekdays/weekends? 8
ami 5 pm?)for each smart work zorlested in Appendix Aso that we can better plan the
data collection.

The research teamould like to record theideo from the field cameras each of the SWZ
systems. Is it possible for the contractors to providedaia?At a minimumthe research
teamwould like the video recorsifor the dayshe team igollecting data. Ideally, we would

like all video data when the work zone is active

Is the recommended data collection plan acceptable? If so, we will contact the NDOT contact

for the site andbegin tocoordinate the data collection process.

5. Concluding Remarks

The research team will continue to monitor the sites remotely. If traffieases such that queues begin

to form on a regular basis the team will revisit their data collection plan. This will be particularly true
for the Mahoney site as it is scheduled to endligust,and it is the only thretane SWZ active in
2020 tothe eamds best knowl edge) .

6. Potential Data Collection Sites
(1) Waco-Utica (2 locations: Westbound 180 and Eastbound #80)

O o B BUEMY o W OE B

L]

EB |-80 =—p
Figure C1_3. Site Map at Waco-Utica
Data SourcesSalander Totaltraffic counts (atl-min interval) Averagespeed at I-min interva),

Vehiclecount by ype @t Imin interva), PDMSposted nessageCamera

NDOT Contact: District 4 ConstructiorEngineer: Eric Kleireric.klein@nebraska.gov
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15 min WB 1-80 (RDR 01)
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Figure C1_4. Westbound I-80: Travel speed versus Day June 14, 2020 July 12, 2020

WB Synopsis:Speeds have dropped below 45 mi/h on a number of days during the past month.

These mainly occur on weekdayood candidate for collecting data.

15 min EB I-80 (RDR 02)
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Figure C1_5. Eastbound I-80: Travel speed versus Day June 14, 2020 July 12, 2020

EB Synopsis:Speeds have dropped below 45 mi/h on a number of days during the past month.
These mainly occur on weekday&ood candidate for collecting data.
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(2) Mahoney (Two locations: Westbound +80 and Eastbound $80) Site Map

WB I-80 _E

N3

— Eugene T
Mahoney
State Park

Ashland

—/ @ s

w/

EB I-80
Figure C1_6. Site Map at Mahoney

Data Sources. Ver-Mac, Totaltraffic counts (atl-mininterval), Averagespeed at1-mininterval),
Occupancydt 1-min interval), Gap/Headwaydt 1-min interval), Vehicle count by ype @t1-min
interval), PDMS posted nessagesCamera

NDOT Contact: District 1 Construction EngineeCurt Muetingcurt. mueting@nebraska.gov

15-min WB [-80

6/14 6/18 6/22 6/26 6/30 7/4 7/8 7/12
Date

Figure C1_7. Westbound|-80: Travel speed versus Day June 14, 2020 July 12, 2020

Synopsis: Speeds have dropped below 45 narhonly two days during the past month. Both

times werdor less than one houCurrently not a very good candidate for collecting défal.

continue to monitor site as the Mahoney WZ is the only three lane work zone that is currently

active.
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15-min EB [-80

6/14 6/18 6/22 6/26 6/30 7/4 7/8 7/12
Date

Figure C1_8. Eastbound|-80: Travel speed versus Day June 14, 2020 July 12, 2020

Synopsis:Speeds have dropped below 45 naifhonly two days during the past month. Both
times werdor less than one houfFhe occurrences appeared to aedom over the montlt no
time were the speeds less than 25 ni@ifirrently not a very good candidate for collecting data.
Will continue to monitor site as the Mahoney WZ is the only three lane work zone that is

currently active.

(3) Big Springs (Three locations: Eastbound 1-80, Westbound1-80, Eastbound |-76)

3
. v n%’WB 1-80
o
= S e @’I /
= EBI-80
,E -gﬁ ’
= e

o’

L
EB |-76

Jil

Figure C1 9. Site Map at Big Springs

Data Sources:SalanderTotal traffic counts &t I-min interva), Averagespeed &t I-min
interval), Vehiclecount by ype @t I-min interva), PDMSposted messageSamera
NDOT Contact: District 6 Construction Enginee€Cameron

CraigCameron.craig@nebraska.gov
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15 min WB 1-80 (RDR 08)
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Figure C1 _10. Westbound I-80: Travel speed versus Day June 14, 2020 July 12, 2020

Synopsis:Speeds have dropped below 45 nairhonly tireedays during the past montill
three days werBundays anthe queues lastddr several hourdt is unsure if this patter will
continuein the future Currently not a very goodandidate for collecting dates the congestion
only appears to occur 1 day per wedkll continue to monitor site.

15 min EB 1-80 (RDR 09)
80
70
60
T 50
=
= 40
¢ 30 T
20 4
10 6/26  6/28 /6
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6/16 6/19 ©6/22 6/25 6/28 7/1 7/4 7/7 7/10 7/13
Date

Figure C1 11.Eastbound I-80: Travel speed versus Day June 14, 2020 July 12, 2020

Synopsis:Speeds have dropped below 45 mi/h on only three diayisg the past month. Both
times wee for less than one hou@ccurrencesvererandom over the monti®n only two
occasions was the speed less than 25 mi/h. Each time the speed drop was3@nigriatesor
less (15 min aggregate dat@urrently not a very good candidate for collecting data. Will

continue to monitor site.
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15 min EB I-76 (RDR 10)
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Figure C1 12. Eastbound I-76: Travel speed vesus Dayi June 14, 2020 July 12, 2020

Synopsis:Speeds haveotdropped below 45 mi/h during the past month. Currently not a very
good candidate for collecting data. Will continue to monitor site.

7. Data Collection SystemContact

Table C1 _1.Technical Conaultation Contact

_ Online data operated
Contractor Project Contact
by subcontractor

_ Tim Jackson
SmartStreets | Grand Island | Transnomis _
tjackson@streetsmartrental.com

_ Tim Jackson
SmartStreets | Mahoney JamLogic )
tjackson@streetsmartrental.com
Big Springs, JP Stor
Salander 9=p -g Salander ) Y
Waco Utica jp@sl ndrtech. com
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Technical Memorandum 2

Intelligent Work Zone Using Automatic QueueDetection Systems FY21 (007))

To Matt Neleenaadn NnTAC -M2@b eTr af fic
Matt [Beaskde rTAC-WMR2Obe®perations
Josh R.,HW hway dPr oNOPOT Baetgect 6.
Camer onCadmrsatirgu ct | NoDnO TH nsgti rdieeaettr h6 Pl a't
Kurt Snider, Il nspector, NDOT Di st
Froi L.R. Rilett, Ph. D. , P. E.
Li Zhao, Ph. D.
Er nest, TRuhf.uDp.r
Dat ¢ Sept embe2r0 2106
Re: Data Collection atiMBbpygi S pyRenpdl aa cthetr

1. Background

The researcteamhas installed five Miovision detectans the westbound section e80 at the NDOT
work zone at Big Springs, Nebraska. A map showingaihygroximate locations is shown below in
FigureC2_1

3ig Springs

!"\\‘H\

@ \,%O\N%

@ v 108
107.5

D
107

Figure C2_1. Map showing approximate Miovision locations.
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TheMiovision unitsare attached to mile marker signdieg locatiors. These mile markers are
109, 108.5, 108, 107.5 and 16@the westboundsectionof 1-80. FigureC2_2 shows a typical setup
of the Miovision unitat Big Springs.

Figure C2_2. Miovision set up

2. Battery Replacement Plan

NDOT has agreed to help with the recharging of the Miovision batteries. This will be@denyeseven
days.Over the next two weeks the plan would be to charge the batteries Thieeequired charging
days and periods are as follows:

On September 22: Batteries areemovedn the afternoon oSepgember22, chargd

overnight (>12hrs), and plad®ackin the morning of September 23.

On September 29: Batteries are removed the afternoon of September 29, charged

overnight (>12hrs), and placed banokhe morning of September 23.

3. Battery Removal andReplacement Process

On the side of the Miovision unit, there are Video portal and Battery psdalFigure 3. Theyill be

used in the following process.

Video Portal

Battery Portal

Figure C2_3. Miovision Unit with Video Portal and Battery Portal
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3.1. Battery Replace Procedure

Disconnect the Video Portal
The Video cable needs to be disconnected first, as seen in EButeThe video portal is indicated in
FigureC2_3. Note: Each Miovision unit should be markeith the location so that when they can be

replaced to the sankecation next time.

migvision

Figure C2_4. Disconnect the video cable

Battery Removal
The battery removalonsists ofwo stepsas shown in Figur€2_5. The first step is to unlock the battery

box as shown in Figuré2_5a. The key was provided &urt Snider The second step is to remove the

battery This is done by sliding the unit upwards and out as shown in FERirsb.

Figure C2_5a. Unlock the unit Figure C2_5b. Remove the battery
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Battery Charging
Once all five batteries have beemovedthey can then be charged. The battery charger is connected

directly to the battery portghs indicated in Figur€2_3). The five battery chargers were provided to

Kurt Snider

Battery Replacement
The charged battery is placed back in the reverse order that they were reGem/edjureC2_6.

had

=
=:
=:

h B
- | %
b NG e b A }
SR/ ] M, L

-
8 NS N

Figure C2_6a. place the batteryback

Figure C2_6b. Lock the unit

Connect the Video Portal
Put back the video cable to the video poataishown irFigureC2_7. The video portal is indicated in

FigureC2_3. Note: Make sure the Miovision unit is the same one that was been replaced.

£i
0
g
31
g |
£ |

Figure C2_7. Connect the video cable
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Technical Memorandum 3

Intelligent Work Zone Using Automatic QueueDetectionSystems EY21 (007))

To Mat t Neemann, L-ADOTTACaMéimicer
Matt Baker, LeNMRDOT ACp eMreantbieao n s
From L. R. Rilett), Ph. D. , P. E.

Li Zhao, Ph. D.

Ernest Tufuor , Ph. D.
Date: February 19, 2021
Re: NDOT AQD System

Overview
The research team studied the AQD data from two test sites:
4. WaccUtica, WB 80
5. Big Springs, WB 180
A synopsis of each site, including the layout of the AQD system and the-wpeidg message
data on selected congestion days, and the analysis work is provided below followed by a number of
guestions to the TAC.

AQD System at WaceUtica WB 1-80

As can le seen in Figur€3 1, the AQD system at the Watdica WB I-80 consists of a sensor (i.e.,
RDRO02) at the beginning of the work zone, and two sets of PCMSs at 1 mile (i.e., MBO7 and MB08)
and 3 miles (i.e., MB09 and MB10) upstream. The RDR0O2 detects spdedd the PCMS with

corresponding messages.

RDRO2
[ MBO8 = [ MB10
[ 1) | EE MBo7 ’ EE mBo9
Lane Closure |-‘8—0 WB

Figure C3_1. AQD System installed at WacdJtica WB 1-80
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The speed raw data and itsmin average are shown in Figu@3 2 (black dots and line

corresponding to the left y axis). The PCMS message durations are also shown irCBidu(eed,

yellow, and green shades corresponding to the right y axis).

WACO_WB_2020-09-03_Thursday

85

e
s

Speed at WZ Taper (mph)

85

WACO_WB_2020-09-09_Wednesday

STAR_Default

© SPEED_raw

SLOW_Warning

- % uiie

STAR

SLOW

STAR_Default

STOP

5 {— SPEED_3min

STOP_Warning

T T T T I T T T T T T

8 9 10 11 12 13 14 15 16 17 18 19 20

Time (hour)

T

T

3
STAR E 65
S
o
Pl
E 45 o
SLOW % 8 fu x|
o oo o -
§ ° o ’M;: 3
8 25
a
STOP
© SPEED_raw
5 |~ SPEED 3min

SLOW_Warning
STOP_Warning

T
8

T I ] T T T T I

T I T T

9 10 11 12 13 14 15 16 17 18 19 20

Time (hour)

Figure C3_2. AQD speed detected from sensor RDR02 and message release@GMSs 0710.

It can be seen from Figuf&3_2 that, when the average speed dropped below 45 mph, the PCMSs

di splayed warni

according to its algorithm. There was no warningsnasg e

was detected.

AQD System at Big Springs WB 180

ng

message

for Sl

for

iASt op

ow Traf fi
Traf fi

coO.

co

As can be seen in Figu@8 3, the AQD system at the Big Springs WHBQ consists of two sensors
(i.e., RDR13 and MWO03), and three sets of PCMSs (i.e., MB®&1 M:18, and MB11&12). Both the
RDR13 and the MWO03 detect speeds to feed the PCMS with corresponding messages together.
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Figure C3_3. AQD System installed at Big Springs WB-BO
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Due to the complexity of this test site, the algorithm of the AQD system is slightly different from
the previous settings. For example, the jam speed threshold is 20 mph instead of 25 mph, and the average
speed is calculated using a three (3) minute winithstead of a five (5) minute window. However, the
most notable difference is that information from two speed sensors (e.g., RDR13 located in the work
zone and MWO03 located at the beginning of work zone) are both used in deciding the activation of the
warnng message. The sensors are approximately 3.5 miles apart. The data collection components used
in the algorithm of the AQD system at this test site are listed in FZRiré.

Figure C3_4. The list of the AQD system devices at WB80 test site, Big Sprigs.

To illustrate, the speeds and the posted message collected from the AQD system, and data from
two example days are shown in Fig@@ 5. Note the speeds collected from RDR13 in the work zone
are indicated using a blue circle, and the speeds collecsdMWO03 at the beginning of the work
zone are indicated using a black circle. In general, the latter speed value are lower than the former. This
makes sense because the speed limits at the two sections are 65 mph and 55 mph, respectively. The
latter is tke merge location.

Figure C3 5. AQD speed detected from sensors MWO03 & RDR13 and message released on
PCMSs 02, 11, 12, 17, and 18.
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