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Despite significant technological achievements over past dscatd institutional support for
Intelligent Transportation System (ITS), it is not possible tevemt all traffic incidents.
Numerous incidents occur every day along U.S. freeways and trafficihodamagement (TIM)
programs have been proposed and implemented to mitigate theirtinfjpee dissertation
proposes various tools to aid in the evaluation of proposed TIM programsbeting, thus, to
the general study area of freeway incident management. Inoadditoving violations specific
to concurrent flow lane operations are conceived as a type ofetraimgident. Their impact on
mobility and safety is considered. Techniques to address four kay are proposed. First, a
methodology that considers the dynamics of incident impact giveninaaryr incident’'s
properties and prevailing traffic conditions for identifying secondacigents from a database is
proposed. This method is computationally efficient and overcomes deieseof other existing

techniques, with utility in any context in which the study of seconoheidents is warranted. A



three-stage time-saving process is developed for conductingpidiytam benefit evaluations.
The process aids in sampling a relatively small set of goolityguecident scenarios that can
represent historical incident data and overcomes the computational ncaimtered when
evaluating TIM program’s benefit by simulation. Modeling technsquee proposed for
simulating violations associated with the operation of concurt@ntlénes. Results from a case
study show significant impact to mobility that grows nonlinearith increasing violation rate.
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the purpose of reducing the impact of an incident in the general puguse are evaluated.
Simulation modeling methodologies were developed for modeling fsegwalents and studied
diversion strategy implementations. Experimental findings indisanefits of diversion that are

contrary to qualitatively developed recommendations in the literature.
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Chapter 1. Introduction

1.1 Motivation and Objectives

Due to complex interactions between vehicles operating within a roadwatyfécd occurrence
of incidents along these facilities is unavoidable. Such incidentsealve a collision between
vehicles, vehicles that become disabled, appearance of debris d¢nferéas with smooth traffic
flow, or other event that might impede normal traffic operatiomgoktunately, such events are
not rare. In fact, in the small state of Maryland between 2002 and 2@€¥é were between
32,000 and 42,000 incidents involving a collision or disabled vehicle in whichaasgisvas
requested arising along the major freeways and a subset rdlar(€hang and Rochon, 2008).
In a study of a 3-lane, 10-mile stretch (both directions) ot-2&7 freeway in New York State,
more than seven incidents occurred daily (Chou et al., 2010). Onceideninoccurs, it may
reduce roadway capacity, induce traffic congestion and degediEe quality. The magnitude
of impact depends on the incident properties and prevailing traffidittons. In a widely cited
study by Lindley in 1987, 60% of the non-recurrent congestion on tee/dsewas caused by
various kinds of incidents (Lindley, 1987). The induced traffic congestionp a&b cause
secondary incidents. One study shows that nearly 15% of allicofi;are secondary to a
primary incident (Raub, 1997). The impact of incidents on the operation of roacwaieacan
be considered not only from mobility and safety perspectives, butralsothe standpoint of
energy usage and environment impact. As travel delay increasedo she rates of fuel
consumption and emissions (Greenwood et al., 2007).

Traffic incident management (TIM) programs can be implementednitigate the

deleterious impact of incidents. These programs include Freewayic& Patrol (FSP),



Automatic Incident Detection (AID), ramp metering, incident e sitmanagement,
Variable/Dynamic Message Sign (VMS/DMS) advisory assigtaaad route diversion. Some
TIM programs seek to quickly restore normal traffic flowr Example, freeway service patrol
trucks can be dispatched or automatic incident detection devices cappled to rapidly
identify and respond to incidents. A site management program, byasphmarrows the impact
area to increase traffic capacity. Other TIM programs, suchha VMS system and route
diversion, tend to control the traffic demand by detouring or warhiegpproaching vehicles.
These TIM programs can be integrated or stand alone.

As traffic demand increases world-wide, particularly in amauiad the world’s cities,
congestion on roadways has substantially increased. To addres$isethise of High Occupancy
Vehicle (HOV) lanes and Express Toll Lanes (ETLSs), orilsirly functioning High Occupancy
Toll (HOT) lanes, have been proposed as a possible solution to achiegeeffective use of
existing roadway capacity (Collier and Goodin, 2002). HOV lanes baen part of the roadway
landscape for the past two or three decades, however, only recpethaps due to
improvements in required technologies for toll collection, have H@@&sldeen thought of as a
viable option. Few incident management programs, thus, have beerd dtudisitigating the
impact of incidents arising in facilities with managed laneshsas HOT lanes. As many states
add new HOT lane facilities or begin conversion of their HOV facdities to HOT lanes, the
import of developing and studying incident management prograngneesspecifically for such
facilities has increased. Additionally, poor handling of incidents arismrgaduch roadways will
undermine public support for these facilities and jeopardize revene2004, the Texas
Transportation Institute hypothesized several possible approachesldessing incidents in

facilities involving managed lanes (Ballard, 2004), including @&eatyy based on traffic diversion.



These approaches, by and large, have not been quantitatively analyzed.

Driving violations in concurrent flow lane operations can lead tosskee car following
and lane changing maneuvers and cause steady traffic asgiliaielke at al, 2008). They can
be conceived of as a type of transient incident. The national geveranual violation rate
associated with HOV and HOT lanes for the 2005-2006 period in thesle&imated to involve
between 10 and 15 percent of all vehicles using managed lanesn(ktagl., 2005). While
numerous studies have indicated that violations are of significant concern ToaHR©facilities,
the impact of various violation types on mobility, safety and othdofeance metrics in both
the managed and general purpose lanes has not yet been quantitativelylanalyze

While TIM programs have, in general, been shown to provide signifoearefit in terms
of mitigating the impact of incidents on roadway congestion and othetiveegaternalities, in
the current climate of budget shortfalls, many TIM programs faceng cuts or outright
termination. Thus, benefit evaluation studies of existing or propos&tl prbograms are
commonplace. Nonetheless, several issues associated with beakfétions remain unresolved.
For example, while several studies mentioned the benefit of Thgrams from a safety
perspective in terms of savings in secondary incidents, how suchntgcickn be identified as
secondary is still unclear. In addition, for studies that use alaion approach for such
evaluation, it is unclear how many incidents and with what clersiits to replicate in deriving
accurate benefit estimates.

Driven by the needs and research challenges described abovesseidadion has the

following four objectives:

(1) Develop a reliable methodology for filtering secondary incidents fromraident database.

In additional to being computationally efficient, the developed methodotuggt consider the



dynamic impact of incidents in time and space. Such a methodologyowalicome the

weaknesses of existing methods, most of which rely on static thresholds.

(2) Create an efficient methodology for simulation-based assesgrof TIM program benefits.
The developed methodology will design a set of incident scenarits,ineident properties,
from historical incident data for use in conducting simulation-basedua&tion studies of
existing and proposed TIM programs. The developed technique seeks to a@etitem
deficiencies of prior studies in which either too few, and not neglyssspresentative, incidents
were replicated to ensure valid results or too many incidesits keplicated, requiring enormous

computational effort and time for output synthesis.

(3) Assess impact of traffic violations on the mobility and sgfef concurrent flow lane
freeway facilities. To address this issue, violation data associated with concuroswntldhe
freeway facilities are reviewed and analyzed. Various sypk driving violations will be
identified. The impact of violations must be assessed from bathysaid mobility standpoints.
A simulation platform and specific modeling techniques for use alyaimg the impact of
driving violations must be developed. The potential negative impatrivofg violations to the

operation of concurrent flow lane facilities will be quantified.

(4) Propose and assess diversion strategies for non-barrier sepamadurrent flow lane
facilities for mitigating incident impact.Strategies are developed that consider temporarily
allowing nonpermitted vehicles to use managed lanes, possibly crabsinguffer in the
non-barrier separated concurrent flow lane facilities, towelteaffic congestion in the event of

an incident. A platform for assessing such strategies museb&d and the effects of proposed



diversion strategies must be quantified. The developed strafdgeseed for systematically
designed and assessed strategies for incident managemacitiie$ containing managed lanes
adjacent to general purpose lanes (concurrent flow lanes).

Off-the-shelf traffic simulation tools were used extensivelthis dissertation work. Novel
modeling techniques were developed to apply these tools as the nedds effort often
required capabilities that were not directly provided. The platiemployed in each portion of
the dissertation was chosen based on the functionality of the platfad its suitability for the

given study purpose.

1.2 Specific Problems Addressed and Contributions

To achieve the objectives of this dissertation, the following problems are sefilres

1.2.1 A Smulation-Based Secondary Incident Filtering Method

To identify secondary incidents, numerous approaches have been proptreetitanature. The
majority of these approaches employ static temporal and Isipeéaholds related to the primary
incidents and filter secondary incidents from the archived incidgabdse. Such thresholds are
unchanged regardless of incident properties or prevailing traffic totmmgli As such, they often
erroneously identify incidents as secondary, thus, over-estimating dbeurrence. In this
dissertation, a geometric-based filtering method with dyoammiesholds, referred to as the
Simulation-Based Secondary Incident Filtering (SBSIF) methedproposed that visually
identifies the corner points of the incident impact area over spatéime within traffic speed
contour maps developed from results of simulation runs. The shape ofighetiarea of each

incident varies as a function of incident properties, such as incidestictuand severity, and



prevailing traffic conditions. Regression models for estimating«thend y- coordinates of each
corner point are developed to aid in delineation of the incident ingrae boundaries. Any
incident falling within these boundaries is considered as a secomd#tgnt. This approach,
thus, facilitates computer-based impact area recognition and secondary irt@dé&hcation.

The SBSIF method is computationally efficient and overcomes éedies of existing
techniques. Tests involving incident data from a six month permtyad segment of 1-287 in
New York State show that the proposed method has a significadtiged misclassification rate
(e.g. a reduction of 58 percentage points and greater) as compared with eftadidsncommonly
used in practice, despite that it requires comparable computagitboid! Details of the SBSIF

method and results of assessment based on real-world data are presented iftChapter

1.2.2 A Time-Saving Approach to Simulation Modeling for TIM Program

Evaluation

Many studies rely on microscopic simulation techniques in evaluatiagbenefits of TIM
programsThese studies nearly always replicate either too few, and negsedy representative,
incidents to ensure valid benefit estimates or too many insidemrgquiring enormous
computational effort and time for output synthesis. A three-staggdaving analysis process is
proposed herein for use in TIM program benefit analyses. Thiggsaelies on the developed
Property-Based Incident Generation (P-BIG) procedure. The PpBdGedure is designed to
assist in generating a set of incident scenarios thatepresentative of the historical incident
data set and simultaneously not overly large in number so as to indeosiee computational
burden. This is accomplished through the estimation of incident progisttijpution functions

based on historical data. These distributions are integrated wih-atationary Poisson random



variate generation process to produce a relatively smalbfseepresentative incidents for
simulation and derivation of benefit estimates.

The three-stage analysis process involving the P-BIG proceduppliechalong with
comparable procedures employing all historical incidents andteasmidomly chosen incidents
from this historical incidents in evaluating the benefits ofiid program, the New York State
H.E.L.P. Program, for the purpose of assessing the proposed procedeck&ivE power.
Results of these experiments show that the three-stage pemopks/ing the P-BIG procedure
results in benefit estimates within 5% of the value derived enmgogil historical incidents,
while requiring only 18% of the computational effort. By contrastenvh similar procedure is
applied using randomly selected incident scenarios, nearly doubheithiger of incidents must
be replicated to achieve comparable estimates. Details thrée-stage process and embedded
P-BIG procedure, incident property analyses and assessmehe dfirhulation results are

provided in Chapter 5.

1.2.3 ThelImpact of Violationsin Computational Assessment of Non-barrier

Separated Managed L anes

Concurrent flow lanes employing non-barrier separation methods tpeaearly unlimited
improper ingress/egress to/from the managed lanes. These violatjmats the free-flow speeds
of both managed and general lanes. Additionally, violations have a neigagiaet on revenue.
To assess the impact of traffic violations, frequently obserypédstof violations along such
freeway facilities as non-barrier separated manageek lane considered: (1) carrying fewer
people than the minimum occupancy required (i.e. vehicle occupancy anglat{2) abruptly

merging out from the managed lane to the general purpose lanesmicra merging maneuver



is prohibited to avoid paying a toll or an area of police enforcenaant;3) entering or leaving
the HOT lane at points where access is denied. The importaum@adions has been mentioned
in many concurrent flow lane studies. However, the impact on nlskfety and other
performance metrics has not yet been quantitatively analyzeaddress this issue, simulation
techniques for analyzing violation behavior are developed and implainentean existing
simulation platform, a seven-mile 1-270 freeway segment inyMiad with non-barrier separated
concurrent flow lane design. The impact of violations on traffic mgkaihd other performance
metrics are quantified.

To assess the impact of violations on safety, particularly r@sattes to the potential for
collision between vehicles in the system, a technique is develbpedeties on the time-space
contour map of traffic flow. The contour maps are applied to identifgilpleslocations of
increased collision likelihood. These locations are expected is® along regions of
discontinuity in traffic flow along the freeway. The relatibips of congestion to increased
likelihood of incident as a consequence of violations is developed byzantpbpeed time-space
contour maps based on simulation runs. Findings from this analysis@tsobute to the
selection of enforcement strategies. Details of this vmtatnalysis, simulation modeling
techniques, and quantitative analyses of violation impact on mobibfigtys and other

performance metrics are presented in Chapters 6 and 7.

1.2.4 Development and Analysis of Traffic Diversion Strategies for Concurrent

Flow Lane Operationsin the Event of an I ncident

When incidents occur along a freeway where concurrent flow lare®parated, diversion

strategies may be required. When a serious incident occurs thighgeneral purpose (GP) lanes,



queues will build. If vehicles (regardless of classificationtarms of managed lane usage
permission) driving in the GP lanes are permitted to temponasigythe managed lane, greater
capacity for discharging the queues can be attained, thustimgigecident impact. Additionally,
in the event of an incident arising in a non-barrier separated &@VHOT lane facility, it is
also possible to permit vehicles in the managed lane(s) to crdsssbulfius, diverting traffic
from the managed lane(s) to the GP lanes at locations other thaallyopermitted access
points. These and other diversion strategies are studied. A sondb@sed platform is
developed to assess the proposed strategies. This platform buéddydon an already
developed and fully calibrated set of models of existing and proposedgeth lane facilities
along a segment of 1-270 in Maryland. Given different incident pt@seand prevailing traffic
conditions, the effects in terms of savings in travel delay dubealiversion strategies are
guantified. Additionally, degradation in service level incurred byitraf§ing the managed lanes
as a consequence of the implementation of a proposed diversi@gts predicted, allowing
trade-offs in performance of GP and managed lanes to be idénflfhe proposed diversion

strategies, evaluation framework, and assessment results are praviZiespier 8.

In addition to these main considerations, contributions of this dissertatiorsadeaived
from a comprehensive study of literature on incident impact, incrdanagement programs and
their benefit analyses (Chapter 2), as well as application &f soiecepts to the study of an
actual TIM program, the H.E.L.P. freeway service patrol progra New York State, and six

months of incident data from four freeways (Chapter 3).



1.3 Dissertation Organization

The remainder of this dissertation proposal is organized in seven rshaptepter 2 presents a
literature review of methodologies for incident impact and delay seslyarious TIM programs,
and related benefit evaluation studies. These concepts are emgagedlustrated in a
comprehensive study of incident data and benefits of an actual Tdytgon in Chapter 3.
Chapter 4 proposes the SBSIF method for filtering secondary insiden Chapter 5, the
three-stage time-saving analysis process for conducting bemefuations of TIM programs is
described. In Chapters 6 and 7, the impact of violations on mobilitysafedy in non-barrier
separated freeway facilities is analyzed, respectively.ptéha8 proposes traffic diversion
strategies and a structure for their analysis (along wsthagplication on an actual roadway
segment) for concurrent flow lane facilities in the event of mrident. Conclusions and

extensions are provided in Chapter 9.
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Chapter 2: Literature Review

Incidents have negative impacts on roadway facilities; TIM prograre widely implemented as
a means of mitigation. To explain the role of incidents, Section Zlidas an overview,
including: a general discussion of their possible causes, the rat@cit they occur, and their
impact on safety and mobility. TIM programs can manageitipsict from various perspectives,
such as reducing incident duration, controlling traffic demand arounth¢ident scene, and
increasing discharge capacity for the affected traffiqueue. To understand the mechanism by
which TIM programs mitigate the impact of incidents, statéhefpractice TIM programs are
reviewed in Section 2.2. Various benefits that can be achieved throughpleenentation of a
TIM program, together with a synopsis of the methodologies usestitoate incident delay, are

reviewed in Section 2.3.

2.1 Overview of Freeway Incident

2.1.1 Incident Definition and Classification

Freeway incidents are non-recurrent events that cause aioedat roadway capacity or an
abnormal increase in traffic demand, such as collision accididities, personal injury or
property damage), stalled vehicles (overheating, flat tireubiof gas), debris, fire, construction
and sporting events (FHWA, 2000). Various criteria, such as planned/unplanned,
emergency/non-emergency, severity level, incident type or dardiave been used to classify
incident events in the literature. The commonality across theg#eicclassifications is that
incidents will impede normal traffic operation. Thus, any eventwiiaimpede the stability of

traffic operations can be viewed as an incident. From this standpoirgvent as short as a
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moving violation (e.g. improper lane change, aggressive or unexpectedvegra as long as a
work zone along a freeway can be viewed as an incident. Moving violdtiadgo excessive
lane changing and car following maneuvers in traffic flow. Suchemzers will lead a steady
state of traffic flow operation oscillating (stop and go or slow and godredhditions) (Zielke at
al, 2008). Work zones often block certain portion of the traffic lane for a period of timaasel c
the traffic demand exceeding the capacity. Typically, peopleceds freeway incidents with
accidents and disabled vehicles along the freeway. In fact thesincident classes compose
more than 90% of incidents along the freeway (FHWA, 2000).

Incidents have both temporal and spatial characteristics. tR@temporal point of view,
incidents arise over time and may vary in number and type asaidn of the season,
day-of-week, and time-of-day. A general incident timeline figierg. provided in the Freeway
Management and Operation Handbook as depicted in Figure 2-1) rthadalscident durations
can typically be separated into verification, response, cleammtaecovery time periods by
recording timestamps at various stages of an incident (FWHA, 2B@8nh a spatial perspective,
incidents arise on each of the roadways. They arise at various locationshalemgoadways and

may lead to the blockage of one or more lanes of traffic.

Y Verification
| |

|
| Response
[
| :‘ Clearance | | _
| - T L |
L N .‘. g
Lo Ste Management! | 11 I
! 1 L) [ . !
| Traffic management/Motorist Information |
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Figure 2-1: Incident and TIM program timeline (source: FHWA, 2003)
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2.1.2 Incident Frequency and Distribution

The frequency and distribution of incidents, including their severitglldype, and duration,
varies from one roadway to another and from state to state. Foplkexan the small state of
Maryland between 2002 and 2007, there were between 32,000 and 42,000 incidents involving a
collision or disabled vehicle in which assistance was requessedgaalong the major freeways
and a subset of arterials (Chang and Rochonm, 2008). In a study of g 3dande stretch
(both directions) of the 1-287 freeway in New York State, more tle®ersincidents occurred
daily (Chou et al., 2009). Although the total number of incidents tt@atranationwide annually
is not reported in the literature, those cases involving fatlie better documented (FARS’s
website, 2009). Statistics show that 37,261 fatal collisions occurredgd@€08. Applying
nationwide the 0.6% of fatal incident class distributions among three typesagrasanvolving
collision (i.e. fatality, injury and property-damage-only (PD@Wirfd in Kansas and Nebraska
State in 2003, the estimation for incidents involving collision might beenthan 6.2 million.
Note that the fatal, injury, and PDO collisions accounts for 0.6%, 31nt#6a7% in Nebraska,
respectively (NDOR, 2003) and 0.6%, 22.7% and 76.7% in Kansas State (2008Lidenis
only represented 10% of total recorded incidents, and recordedntsid@% of all incidents
(FHWA, 2000), an estimation of total incidents nationwide would rise to 80lé&n. The

estimation can be updated through the distribution tree as depicted in Figure 2-2.
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Figure 2-2: Estimation of total incidents in the U.S.

2.1.3 Causation of I ncidents

Incidents result from complex interactions among driving behaw@dicle mechanical fatigue,
environmental factors and their combined effects. Rumar (1988)zadaBritish and American
crash reports data and found that 57%, 3% and 2% of crashes wereetiutosdtiver, roadway
and vehicle factors, respectively. The remaining 38% of crashesdue to compound factors,
including 27% driver and roadway, 6% vehicle and driver, 1% roadway andejetind 3%

combined roadway, driver and vehicle factors as depicted in Figure 2-3.

Roadway Driver

3% 57%

(EXN

2%

Vehicle

Figure 2-3: Incident factor compositions (Source: Rumar, 1985)
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2.1.3.1 Driving Behavior

Driving behavior contributes to 94% of all accidents. Many factelsted to the reduction of
driving capability and the modulation of risk-taking while driving aentified by Petridou and
Moustaki (2000) through a comprehensive review of human factors in thatioausf road

traffic crashes. For example, inexperience, old age, disease safdlity drug and alcohol,
drowsiness, and fatigue are factors affecting driving capablihe overestimation of driving
capacity, habitual speeding and disregard for traffic regulatiagggressive driving behavior,
motor vehicle crime, suicidal behavior and compulsive acts @ae @bnsidered high-risk
activities. These factors affect driving behavior and are &gsdcwith higher probability of

crash occurrence.

2.1.3.2 Equipment Failure

Although the occurrence of equipment failure contributes to only 12%dl @fccidents, it is a
main factor leading to disabled vehicles along the roadwagraysvhich accounts for 70% of
all reported incidents along the roadway system (FHWA, 2000). Commohamieal failures

include thdoss of brakes, tire blowouts, tread separation and steering/suspension failure.

2.1.3.3 Roadway Design and Environment

Driving involves a series of driver reactions to roadway designtlaadraffic environment.
There are numerous studies focusing on the accident rate anatitsnstlip to roadway design
or environment. From the environmental standpoint, inclement conditions azrioleeduced
visibility or difficulty breaking. Thus, snow, ice, wind, rain or fogggather affects accident rate
(Elvik, 2006). A broader concept of roadway design includes not only the ggam@avement

of a facility, but also various traffic control devices (e.g. digmarking, signs and speed control
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bumpers). In addition, roadway design is part of a compound factondetdiraffic incidents,
as it intersects with vehicle factors and driver behavior. Thus, prpétenance, such as

removing debris along the roadway or filling potholes in the road, is criticahfmoving safety.

2.1.4 Incident | mpact

Once an incident occurs, it may reduce roadway capacity, indaftie tongestion and degrade
service quality. The induced traffic congestion may also causmdary incidents. In addition,
from the standpoint of energy usage and environmental impact, alsdedag increases, so do

the rates of fuel consumption and emissions.

2.1.4.1 Mobility Impact
When a freeway incident occurs, roadway capacity is reduced.leélieé of change in the
guantity of capacity reduction depends on the number of lanes blockéuatést capacity

reduction for a given lane blockage scenario is shown in Table 2-1(HCM, 2000).

Table 2-1: Percentage of available freeway capacity

Number of lang| | . Shoulder. Sho_u!der 1 lane blocked| 2 lanes blocke( 3 lanes blockeﬂi
(disabled vehicle)| (collision)
2 0.95 0.81 0.35 0.00 N/A
3 0.99 0.83 0.49 0.17 0.00
4 0.99 0.85 0.58 0.25 0.13
5 0.99 0.87 0.65 0.40 0.20
6 0.99 0.89 0.71 0.50 0.25
7 0.99 0.91 0.75 0.57 0.36
8 0.99 0.93 0.78 0.63 0.41

The severity of mobility impact due to the reduction of capasitg function of travel
demand. Not until the traffic demand exceeds the capacity(ieratio greater than one) will

motorists encounter obvious mobility impact. Statistically, in thnéted States, non-recurrent
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congestion caused by various incidents is estimated to be as l@Qboa4indley, 1987) of total
congestion. While this estimate varies by roadway and city, &l a8 the measurement
technique employed for its computation, its significance has beeninatedherous studies (see
also Skabardonis et al., 2002; Schrank and Lomax, 2007). A recent report ormatisty
shows that this estimate ranges from 52 to 58% of total congestion (TTI, 2009).

For short event incidents, such as moving violation or unexpected dnnanguver, that
do not involve lane blockage, a traffic flow characteristic map lwa applied to identify their
impact on mobility. Such impact might not be obvious at the location wtherenaneuver is
taken place, but will propagate to the upstream traffic and become ab¥ousxample,
Sugiyama et al. (2008) conducted an experiment showing that a shakingrevent in a stable
traffic environment will have impact on the upstream traffic, pgagiag congestion as depicted

in Figure 2-4.
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Figure 2-4: Impact from sudden break to upstream traffic (Source:&ungigt al., 2008)
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2.1.4.2 Safety Impact

Safety concerns apply both to the personnel who handle incidents arabmhday crashes. In
2002, approximately half of police, emergency medical service JEMEI firefighter fatalities
occurred as a result of transportation incidents. Vehicles stnkimgers represented about 10%
of firefighter and nearly 8% of police officer deaths (NTIMC, 200&)addition, 2% of total
fatalities (i.e. 720 out of 37,261) in motor vehicle crashes nationwide in \2868 associated
construction/maintenance zones (workzonesafety.org, 2009).

When incidents disturb steady state traffic conditions and ctexdfie oscillations, the
likelihood of crashes increases (Zheng, 2009). Secondary incidenvliés®mrs resulting from
abrupt changes in traffic flow conditions caused by prior trafibidents. A study conducted by
Raub (1987) shows that about 15% of crashes may have been caused Hielam@&dent.

Secondary incidents cause approximately 18% of all freeway deaths agdoréirach (2008).

2.1.4.3 Environment

Vehicle emissions account for approximately one-half of totatdoatbons (HC) and nitrogen
oxide (NO) emissions, and two-thirds of total carbon monoxide (COyseéonis (Rouphail et al.,
2001), which negatively impact the environment. A large portion of tbial may be
incident-related, because vehicle emissions increase draryatloaihg the time period when
incidents exist and cause queueing of traffic congestion. Salj2@fl7) estimated that an
incident on average would result in increases of 138% in CO, 500% ins\((xC volatile
organic compounds), 26% in N@i.e. oxides of nitrogen) and 43% in RM(.e. particulate
matter less than 2.5 microns) emissions relative to those prodiwcaty normal traffic

operations. Several studies have provided measures or models fottiogrnvaffic performance
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metrics or travel delay to equivalent emissions or fuel consumpfi@r example, the
Environmental Protection Agency developed a regional-based MOBih@&e| for converting
vehicle emission and fuel consumption to emissions of reactive orgasés (ROG), CO, and
NOy as a function of ambient temperatures, travel speeds, operatotesrfuel volatility, and
mileage accrual rates (US EPA, 2010). MOBILE6 was used imastig the benefit and cost of
a TIM program in Virginia (Dougald, 2007). CHART provided a sesiaiplifying conversion
factors to compute HC, CO and NO emissions: 13.073, 146.831, and 6.261 grams peldypur

respectively (Chang and Rochon, 2006).

2.1.4.4 Other

In addition to the common effects described previously, some typasidents have other
economic impacts. Blincoe et al., (2000) divided the total economiccingdacrashes into
several components: 26% in market productivity, 26% in property damage, Ixédichtl care,
11% in travel delay, 9% in household productivity, 7% in insurance asknation, 5% in legal

cost, 2% in workplace cost and about 1% in emergency services.

2.2 Traffic Impact Management (TIM) programs

Because the occurrence of traffic incidents on freeways is wtaMei traffic incident
management (TIM) programs are launched to mitigate the ingfaatcidents and have been
widely employed throughout the world. In Section 2.2.1, examples of Tibgrams are

introduced. Different means of mitigating incident impacts are summdanzgection 2.2.2.
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2.2.1VariousTIM Programs

Examples of TIM programs include: Freeway Service Pa&8P{), automatic incident detection,
ramp metering, incident site management, variable/dynamssage sign (VMS/DMS) advisory
assistance and route diversion. Such programs aim to mitigatemt impact through quick
response, thereby shortening incident duration, or controlling tadfitand around the incident

scene. These programs can be integrated or stand alone.

2.2.1.1 Freeway Service Patrol

Freeway service patrols (FSPs) are continuously roving vehidiese purpose is to quickly
respond to incidents along freeway segments by providing neceassistance, such as
changing a tire, providing coolant for overheated vehicles, ottiagsigith minor repairs, and to
make primary notification of an incident requiring troopers or amo#mergency service
response. Thus, FSP programs, in addition to assisting distrassedists, aid in mitigating the
impact of traffic incidents on traffic flow by shortening inadleduration. Additionally, FSP

vehicles act as probe vehicles, providing feedback on traffic conditions.

2.2.1.2 Automatic Incident Detection

Automatic incident detection (AID) systems employ detectorsaanththematical algorithm to
detect the occurrence of incidents. Though AID systems continuous to ,etlwvive major
types developed during the 1970s and 1980s persist: (1) pattern rexyg(®h statistical
processing, (3) catastrophe theory, (4) neural networks, and (5) wdege iprocessing (Sheu,

2002). The aim of AID systems is to detect incidents in the earliest possaiipe st
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2.2.1.3 Ramp Metering

Although ramp metering is typically used in dealing with resnirrcongestion, it is also
beneficial to the management of incidents. This method works by taniparosing selected
upstream freeway on ramps and reducing traffic demand in the yiohthe incident scene.
Key issues in implementing ramp metering for incident manageme how many ramps
should be closed and the closure duration (Boyles et al., 2009). @nps are closed, traffic

demand upstream can be controlled and incident impact can be decreased.

2.2.1.4 Incident Site Management

Site management at the incident scene is a process of coordiaatinganaging resources to
handle incidents. Several activities need to be conducted at theningdene, including

accurately assessing incidents, properly establishing prioritiesfying and coordinating

appropriate agencies and organizations, using effective liaisonsh&r o#sponders, and
maintaining clear communications (FHWA, 2000). While incidents blockwiagy main lanes,

and collision investigations or emergency services are in prodessimipact area can be
controlled/managed to ensure the functionality of the roadwaytyaatlia higher service level
through the use of appropriate incident site management strategies.

The “Move-it” program (1-95 Corridor Coalition, 2008) is applied ivesal states at
incident sites. This program requires or encourages drivers involved in a mir@mag¢ce. with
no injuries) to remove vehicles involved in a crash and associated dabiof the roadway so
that the roadway can remain functional. Another similarly titled prograhei&vove-over” law.
It has been found to be effective in many states. The lawres motorists to yield right-of-way

for emergency vehicles and to slow down while approaching or passiaffi@incident scene.
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Thus, it ensures quicker response by emergency services to irngiigsmand also enhances the

safety of the personnel and drivers involved in incident remediation (NTIMC website, 2010)

2.2.1.5 Variable/Dynamic Message Signing (VMS/DMS) and Media Advisory Assie

VMS and Highway Advisory Radio (HAR) systems send criticadway information on
congestion, incidents, work zones, and speed limits to roadway users. iffenimeanagement,
VMS systems, equipped with mobile or fixed units along roadways,iseitégnt information to
roadway users who are at the incident scene, approaching theoscameplanning to use an
affected route. HAR broadcasts such information by radio. Theseaptegran reduce traffic
demand around the incident scene. Huo and Levinson (2006) compared the deteatdooat
VMS study and found that approximately 13 to 15% of travel demamdypécally be diverted.
In addition, numerous local internet resources provide real-tiafigctincident information to
assist motorists in planning trips, such as 511.org, for the Satifco Bay area in California

and chart.state.md.us for the State of Maryland.

2.2.1.6 Route Diversion

When incidents severely limit the roadway capacity, motorists naturally find alternative
routes to divert around the incident once they are given informatioairped to the incident.
Preplanned diversion strategies typically utilize arteriateraling parallel to the freeway or
concurrently operated lanes, such as toll way and /or a high-occupehmle facility. A
detailed discussion of types of diversion scenarios, planning precessection criteria for
choosing alternative routes, deployment decisions for developing aidivgslan, methods to
detect incidents, resources to inform and guide motorists, and bemsfasiated with route

diversion across the nation can be found in a survey by Dunn et al. (1999).
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2.2.2. Effectsof TIM Programs

Different TIM programs seek to tackle the impacts of incidéms various perspectives, such
as reducing incident duration or detection time, and controllinfjctrdemand around the
incident scene. Table 2-2 summarized the effects of TIM programs inngdacident impact.

Table 2-2: TIM program effects

TIM program Main effects
Freeway Service Patrol Reduce Incident duration
Automatic Incident Detection Reduce Incident duration
Ramp Metering Control traffic demand
Incident Site Management Reduce incident duration and control the
number of lane blockage
Variable/Dynamic Message Sign and Media Control traffic demand
Advisory Assistance
Route Diversion Control traffic demand

2.3 Methodology for Estimating I ncident Delay

Incidents have various impacts as described in Section 2.1.4. As TIMapr®gran tackle
incident impacts through reducing incident duration, reducing affectdtictdemand, or
increasing discharged capacity at the incident site, the bepéfliiM programs can be assessed
by the reduction in such impact that the program achieveseXample, many FSP programs
evaluated their programs’ benefits in terms of savings in ltrdekay, fuel consumption and
emissions, or extended such analyses to include safety benetigucfng potential secondary
incidents (e.g. Chang and Shrestha, 2000; Guin et al., 2007; Latoskil&98t..and Yang et al.,
2007). Many of these benefits can be derived through computing and cupteet travel delay
affected by an incident. As delay is the key component in understaindidgnt impact, in this
section, three typical methodologies that are widely used famaistg incident delay are

reviewed.
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2.3.1 Queueing Models

Figure 2-5 depicts a fundamental queueing diagram for compunondent delay (May, 1998).
The area between the arrival and departure curves represemys Skeberal inputs, including
traffic demand, incident duration, and original and affected freena@gacities, are needed to
compute delay. Note that such inputs are assumed to be constanfigutbeThis model does
not consider the stochastic attributes of traffic. Once tfiectafl capacity changes as time
evolves (e.g. a portion of the closed lanes re-opens), the queueingappoid@ach for estimating

travel delay needs further reversion. (see Li et al. (2006) for more detail)

Cumulative Vehicles

Departures

Time ]
Figure 2-5: Queueing model for computing incident delay

2.3.2 Travel Time (Speed) Difference M odels

Skabardonis et al. (1995) proposed a method to compute delay based on itbecdifie travel
time between incident and incident-free scenarios. This methoes rel deploying loop
detectors at close intervals along a freeway as depictedumeF2-6. Three various sources are
discussed in (Skabardonis et al., 1998) to capture the speed profile @unimgident: (1) loop

detector measurement of speed and flow, (2) probe vehicle speeld®prttetector flows, and
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(3) probe vehicle travel time-based delay. Input for implementig method include: (1)

incident location, (2) incident duration, and (3) incident influence area identficati

3 Average Speed (without Incident)

Speed

Speed profile during an Incident

il n nl n nl n nl n

Detector Location
Figure 2-6: Speed difference approach for computing incident delay

The accuracy of delay estimation depends on the increment of tlysisusdéice in time
and space. The choice for incident-free average speed, which i®usedparison, also affects

the estimation results.

2.3.3 Simulation Approaches

Simulation techniques are often applied to evaluate traffic opegatMacroscopic, mesoscopic
and microscopic models examine traffic operations on differenescMacroscopic models
capture the relationships between flow, speed and density chetacgtenf traffic, but do not
characterize individual vehicle movements. Microscopic techniques aapifollowing and
lane-changing behavior models to replicate the decisions and movemenotiegeaf individual
vehicles and their response to other vehicles, incidents and geometric desigscdydeEsmodels
capture traffic operations between macro and micro levels. Amosg teehniques, microscopic

simulation models are particularly popular in many traffic opemastudies, because they
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provide a user-friendly interface to revise traffic attributesgd the results are often easily
understood by experts and laypeople alike. Several studies tharzeariagy impact of TIM
programs adopt simulation-based techniques to estimate travel dejaf HART (Chang and
Rochon, 2006) and FIRST (MNDOT, 2004) program evaluations). To applyethaique, a
simulation platform with calibrated parameters must be develapétlbcal traffic operations.
Once the simulation model is developed and calibrated, it is rdjathasy to conduct a
sensitivity analysis of affected factors as compared tor ettehodologies. Simulation models
typically cover a wider range of study area and can capturetmppstream of the incident. On
the other hand, the queueing and travel time difference models, comfident impact to a
relatively small area (i.e. only the vicinity of the incider&)though simulation is a popular
approach for estimating incident delay, it can be quite time-conguriimus, many studies
utilize results from a set of simulation runs to develop regmessiodels. Both linear and
non-linear regression models developed from simulation results havetmmwsed (e.g. Chang

et al. (2000) and Cambridge Systematics Inc. (1998)) for estimating indielemt

2.4 Summary

To achieve the goals of this dissertation, comprehensive detalsade study are presented in
Chapter 3. While specific to one TIM program, this case studyrasided to illustrate the
various aspects of TIM program evaluation, as well as the signde of incident occurrence
and the import of quick response. As illustrated in the case study of Chapter 3, enat&iiv
programs requires a methodology for estimating travel delay dineittents and a method for
identifying secondary incidents from incident archives. The SimulBased Secondary

Incident Filtering (SBSIF) methodology is proposed in Chapteor4didentifying secondary
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incidents from a database. In Chapter 5, a technique that reducesntpatational burden
associated with estimating travel time delay impacts oflamts, and reductions in their impact
due to incident response and management via microscopic simulatigrppssed. The
dissertation also considers incidents and incident managemet¢gsts associated with
concurrent flow lane operations. In particular, moving violations 8peoiconcurrent flow lane
operations are conceived as a type of transient incident. Ting@ict on mobility and safety is
considered through the study of lane changing and car followingeuwars in a simulated
freeway environment. No attempt was previously made to quantifyithpacts. In Chapters 6
and 7, the mobility and safety impacts from moving violations alorfge@way operating
concurrent flow lanes were investigated. The role of a TIM progheat exploits excess capacity

in managed lanes to mitigate general purpose-lane incident impact iseeiipl@hapter 8.
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Chapter 3: Benefit-to-Cost Analysis of a FSP program
- An lllustrative Case Sudy

3.1 Introduction and Background

In the United States, it is estimated that nearly 60% of namred freeway congestion is
caused by incidents (Lindley, 1987). Incidents cause most of the comeam’t freeway
congestion in the United States. This non-recurrent congestion negatngeygts safety and
mobility. It induces enormous delay for travelers and resultedarglary incidents, which cause
approximately 18% of all freeway deaths according to Brachc{Br2008). Moreover, traffic
congestion results in the unnecessary use of fuel and the emissiange#rous pollutants. To
mitigate the impact of incidents along freeways, Freewayi@&ePatrol (FSP) programs have
been introduced nationwide.

Ideally, to evaluate the benefits of a FSP program, a “beifodeafter” study would be
conducted. However, in most locations, the necessary data to estaltiefora” benchmark is
not available. Thus, most studies of these programs are completeditltomparisons between
responses to incidents involving or not involving (i.e. with and without) FéBiRles. Examples
include, among others, evaluations conducted in Minnesota (2004), Florida, (RQ0%)and
(2006), Georgia (2007) and Northern Virginia (2008).

Deterministic queueing models were employed to study traval dslvings due to the
Traffic Incident Management (TIM) program in Georgia (Guinakt 2007). The estimated
savings in travel delay provided input for analytical models dgeel to estimate corresponding
savings in emissions, fuel consumption and secondary incidents. This guenedeling

approach to FSP program evaluation requires data pertaining to watimes prior to, during,
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and after each traffic incident for travel delay estimation. Hreeway Service Patrols
Evaluation (FSPE) package used a macroscopic approach to evaluaenéfies of the Road

Ranger and Northern Virginia Safety Service Patrol (NOVA)S®88&grams in Florida (Hagen et
al., 2005) and Virginia (Dougald and Demetsky, 2008) in terms of sawmgavel delay, fuel

consumption and pollution.

Where required traffic volume data are unavailable or detailedysamals needed,
microscopic simulation-based methods may be preferred. Such me#mogsedict performance
while modeling real-world variability in problem parameters.efilstime traffic data had been
collected just prior to and throughout the recovery period of eaatieimicin the study period,
actual travel delay can be estimated. Since such realdatee are not typically available,
simulation is often used to approximate actual conditions. For exareglession models for
estimating travel delay and fuel consumption were created fnromlated runs (employing the
CORridor SIMulator (CORSIM) simulation platform) of a chosenaf€l20 of 1,997 incidents
stored in a data archive to study the Coordinated Highways AB&sponse Team (CHART)
program in Maryland (Chang and Shrestha, 2000). The authors provide falg détthe
simulation technique or the selected 120 incidents. Savings in emigg@omestimated based on
travel delay savings. The emissions rates as a function \adl tdelay were provided by the
Maryland Department of Transportation (Chang and Rochon, 2006).

Hundreds of simulation runs of representative incidents with vargirigent duration (0
to 40 minutes) and lane blockage characteristics were completgftne Paramics simulation
platform to analyze Minnesota’s Freeway Incident ResponseySa&éatm (FIRST) program
(MNDOT, 2004). Total delay and volume computed from the simulation were plotted

against each other to establish how one varies with the other. Thiwgdotised to estimate
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delays resulting from actual incidents in an archive of incidets& dnd resulting savings in
delay due to the FIRST program. Reduction in environmental pollution aoddsey incidents
resulting from this program were estimated based on rates otipoland secondary incidents
as a function of travel delay and total incidents, respectively, provided in tlaguliger

Haghani et al. (2006) proposed a similar simulation-based methodology tise
CORSIM simulation platform to estimate savings in travel defiagi consumption, pollution
emissions and secondary incidents. They conducted a sensitivity isnalyperformance
measures and key parameter settings, such as incident duratfba,viclume, car-following
sensitivity factors, and rubbernecking effects, and developed regreasdels to predict the
benefit-to-cost ratio as a function of volume-capacity ratio, rutdnding effect, and potential
reduction in total incident duration. A key finding of their work is thataffic flow rate of at
least 1,500 vehicles per lane per hour provides a significant indfoatibre benefits of the FSP
program to outweigh its costs.

A simulation-based methodology that builds on the general techniquéogedein
(Haghani et al., 2006), as well as other simulation-based works Cirath Shrestha, 2000;
MNDOT, 2004), to estimate the benefits of a FSP program is @getplderein. This
methodology is used to assess a FSP program, the Highwaydfmmeilgcal Patrol (H.E.L.P.)
program, operating within New York State. The H.E.L.P. program sengce patrol vehicles
along a portion of the 1-95 Corridor in the Lower Hudson Valley regiddeat York. It operates
eight hours per day (during weekday morning and evening peak periods)ei@e of four
roadways, 1-287, 1-684, the Taconic State Parkway and the Sprain BrokWwaya were
considered within the analysis. Incidents arising along these ayad@gments during a

six-month period (January 1, 2006 through June 30, 2006) were studied. The reduction
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incident duration due to the execution of the H.E.L.P. program was esdith@ough a statistical
comparison of incident durations resulting from response by troopeksEOL.P. vehicles.
Hundreds of incidents that arose along a segment of 1-287 wereategl@nd benefits in terms
of reduced travel delay, fuel consumption, emissions, and secondary iscicknet estimated.
The monetary equivalent of these savings was computed to obtain iaratesof the
benefit-to-cost (B/C) ratio. A set of B/C ratios are provided a range of average incident
duration savings that might result from a comparable FSP progpanating on a roadway with
similar geometric characteristics to that considered in thldyysHaghani et al. (2006) conducted
a related, but significantly less comprehensive, study of thisLHPEprogram. Their findings
provided an initial starting point for this work.

This analysis provides (1) important findings from statisticalysea of nearly 10,000
incidents arising along four roadway segments over a six-montbhdperia major metropolitan
area within the United States, including estimated savings imlentiduration due to the
responsible FSP program; (2) details associated with the pnapdfting of key parameters of
the simulation model; and (3) benefit-to-cost estimates by paltemterage incident duration
savings for the studied roadway with sufficient detail to peathier programs operating along
roadways with similar geometry to complete similar est®ator their own programs.
Description of the procedure employed herein is limited to theifgpdetails that are unique to
this study and facets of the approach required to provide comprehdapiggon of the steps of

this work.

3.2 Incident Data Analysisand Incident Duration Savings

FSP programs exist in New York State. Figure 3-1 shows thieseegions and constituent beat
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formations for the Hudson Valley area. This study considers portioBsais 8-2, 8-3, and 8-5.
Incident data pertaining to freeway segments along which the IR.Eptogram operates are
stored and maintained in three different databases: HTECAD gJ&nputer-Aided Dispatch
(CAD)), ATMS (the Traffic Management Center’s Transcomneansbftware from Northrup
Grumman), and TWAY (Thruway’s Tiburon CAD). Consequently, the data ieggtocedures
and information recorded under each incident varies as a function df ddiabase it is entered
in. Incidents reported in more than one database were identifiedient attributes were
combined (since different information was stored in each daghbasd the duplicate data were
removed. The technique of matching the data across databasesddufiers in both time and
space, because a single incident may be recorded at aystigfglent location or time as a
function of the database to which it was entered and device usedeinmgrthe data. After
extensive experimentation, buffers of 30 minutes and 0.3 miles wegukoyed in creating a
single, integrated database. Table 3-1 summarizes the frequemydeints along segments of
Taconic State Parkway, Sprain Brook Parkway, 1-684 and 1-287 aftewviegn2,968 duplicated
incident records. During the study period, 9,765 incidents involving disabledles and
collisions arose along the study roadway segments, of which 5,919qf6aldncidents) arose
during H.E.L.P. hours of operation and 4,732 were assisted by H.E.L.P. vehicle drivers.
While the H.E.L.P. vehicle drivers sometimes assistét incidents that arose outside
normal hours of operation, only those events arisungnd the H.E.L.P. hours of operation (i.e.
during the rush hours) were considered in performance/ssmalf the H.E.L.P. program. The
potential savings from the H.E.L.P. program were eséthdty comparing incidents between

categories of “H.E.L.P. only,” “Police only,” and “Both,” rétsuof which are shown in Table 3-2.
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Figure 3-1: H.E.L.P. program Beat 8 operation area
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Table 3-1: Incident frequency

H.E.L.P. only Police only Both Total
(24 mies n oach dreciery 131 | 2057 123 3491
(14 mies in each diectonly 45 | 1097 121 2,663
(29 miles ilr;6e8;ch direction)  °8! 1,242 158 2,281
(10 miles ilr-12eSa70h direction)  °*? 637 51 1,330
Total 4,279 5,033 453 9,765

* “Police only” calls received response only frortate troopers. “H.E.L.P. only” calls

received assistance only from H.E.L.P. vehicleasy “Both” calls received assistance from
both H.E.L.P. vehicle drivers and troopers.

Table 3-2: Incident duration comparison for responding groups

H.E.L.P. only Police only Both
Total Avg_. % Total Avg_. % Total Avg_. %
Freq. duration Freq. duration Freq. | duration
MV accident 251 32.72 20% 654 53.47 53% 322 53.5 269
Disabled | 3055 | 1655 | 820p 748 3512 | 16% 89 | 3757 | 2%
vehicles
Total 4,106 17.53 69% 1,402 43.68 24% 411 50.05 7%
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One of the main roles of the H.E.L.P. program is to assist idants involving disabled
vehicles. It was noted that on average more than 82% of these incaemg during the
H.E.L.P. hours of operation were handled by H.E.L.P. vehicle dril@ng.aThe remaining such
incidents were handled by state or local troopers or both H.E.LhRle/@rivers and troopers.
The program also assisted more than 46% of the incidents involving collision. In arsanf
average times to assist in incidents across the studied roadgagists between cases handled
by either only H.E.L.P. vehicle drivers or only troopers, averagengs\wof approximately 20
minutes in incident duration for incidents involving a collision and 19 res@ibor incidents
involving a disabled vehicle were found when the incidents were hanglkbe b1.E.L.P. vehicle
drivers. These average values ranged from 7 to 45 minutes fomtgcideolving a collision and
11 to 33 minutes for incidents involving disabled vehicles over the rmagway segments.
While significant, it must be noted that the incidents handled byLHPEvehicle drivers require

less assistance duration than typical incidents handled by troopers alone.

3.3 Simulation-Based Methodology for Travel Delay and Fuel

Consumption Estimation

The CORSIM simulation platform is a discrete-time and stochbhased microscopic simulation
platform designed specifically to model traffic operationsstiineates travel delay through travel
time comparisons of traffic operating at free flow speed®agared with speeds resulting from
vehicle interactions that result from congestion. It also estgsrfatd consumption by tracking
the performance of individual simulated vehicle speed and acceterates with a standard fuel
consumption rate table developed by Oak Ridge National Laboratamjis(DL999). As is the

case with most simulation tools, behavior that cannot be predicteccevithinty is replicated
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from random variates employed to model stochasticity in thavieh Multiple replications
must be conducted. Five replications were used herein, consistenteatttnmendations in
(Haghani et al., 2006). As the CORSIM simulation model is run eaftict conditions are
replicated, a set of traffic measures, including incident propeatid associated factors (incident
onset and duration, location, capacity reduction and lanes impacted casegjuence of the
rubberneck effect, warning sign location (e.g. a flare), and lane closurg atatuscorded.

To analyze the impact of an incident on travel delay and fuel ogstgan in this
simulation platform, four stages are considered, as portrayed ineFsgr In the first stage,
prior to the incident, traffic flow is assumed to be stableth&tonset of the incident (stage 2),
shoulder and/or freeway lanes may become blocked and capacity bh&sgglanes is nearly
instantaneously impacted. In stage 3, it is assumed that a gaigmis set up for warning the
upstream traffic (or that the upstream traffic can discerh dhaincident has arisen a short
distance prior to coming into contact with the incident). Driversipgsby the incident scene
may reduce their speed to observe the incident, creating thellexb-cabbernecking
phenomenon. Upon clearance of the incident, normal traffic flow condiiense-established.
Details of specific components of this four-stage incident modepgoach to evaluate the

benefits of the H.E.L.P. program are presented in the following subsections.

Space >

Time — - /‘ Stage 1: Normal traffic (before incident)
— _—1| Stage 2: Shoulder blockage
I
— \ T
= } ! Stage 3: Shoulder blockage with rubberneck
effect on the main lanes
v ::
¢ Incident warning sign Stage 4: Normal traffic (recovery from the
1 Rubberneck effect area incident)

B Location of the incident
Figure 3-2: Procedures for modeling an incident
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3.3.1 Experimental Design

To estimate savings in travel delay and fuel consumption thateédtdm the program’s impact
on incident duration, a set of simulation runs were designed for tidems that received
services from the H.E.L.P. program. Incident durations reported ind#te@ archives are
significantly impacted by the existence of the H.E.L.P. progrBine. impact on traffic under
similar circumstances assuming that such a program did ndt e#isre incident durations
would be longer, must be compared to the impact under existing conditions. Thus, aateat in
durations replicated directly from the incident data represeribtse case,” where it is assumed
that the H.E.L.P. program existed. To estimate the savingsvératachieved as a consequence
of this program, another set of replications were run where incthleations were lengthened
by between 5 and 25 minutes (in 5-minute increments). These repigaie meant to model
circumstances assuming that such a program were nonexistent.farhesample, an incident
with 10-minute duration that arose during the study period would dueled with 10-minute
duration in the base case, but with 15-, 20-, 25-, 30-, and 35-minute duratamditional runs.
Such additional time is based on average savings expected fcbma guogram. The addition of
5 minutes, thus, is employed to estimate the additional travay @eld fuel consumption that
would have been incurred had a FSP program with average incident dwwatiogs of 5
minutes not been in place. Thus, the difference in performance nmeastsebetween the base
case and each extended case provides the savings in such performtiusetinat are estimated
to have resulted from the FSP program. For each incident, tiffrodeled from a period of
time just prior to the incident through at least 30 minutes (lofoydonger incident durations)
past the time of incident resolution.

693 incidents arising in a 10-mile (in each direction), three-langyssegment with

36



right-side shoulder of 1-287 for the study period that received assestfrom the H.E.L.P.
program were simulated within the CORSIM platform using the imtig@operties and
estimates of likely prevailing traffic conditions. The simigattime for each run was set as a
function of the incident duration. The incidents with duration less &@mminutes were
simulated for two hours, while the incidents with duration of more #taminutes (only nine
such incidents arose during the study period) were simulated &® buours. The excess time
beyond the incident duration was required to ensure that prevailifig t@nditions could be
reestablished before concluding the run. Each incident scenario pligatezl five times using
different random seeds and average performance metrics overrtinsseere obtained. This
ensures that if circumstances that are randomly chosen in argpration are significantly
different from ordinary that they contribute to, but do not dominate,inlaé heasurements. A

total of 20,790 replications were designed, requiring more than 41,580 simulation hours.

3.3.2 Critical Smulation Settings

When a freeway incident occurs, roadway capacity is reducedasmcecurrent delay is induced.
The level of change in these quantities depends on incident pespdfstimated capacity
reduction for given lane blockage status is shown in Table 3HRay Capacity Manual,

2000).
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Table 3-3a: Percentage of available freeway capacity

Number of lanes (di S:g;gg'g:;“ cle) (igl(l)ilsjilgr?)r 1 lane blocked 2 lanes blocked | 3 lanes blocked

2 0.95 0.81 0.35 0.00 N/A
3 0.99 0.83 0.49 0.17 0.00

4 0.99 0.85 0.58 0.25 0.13
5 0.99 0.87 0.65 0.40 0.20
6 0.99 0.89 0.71 0.50 0.25
7 0.99 0.91 0.75 0.57 0.36
8 0.99 0.93 0.78 0.63 0.41

Table 3-3b: Computed rubberneck effect value for different lane blockageiesenar
Lane blockage scenario on a 3-lanes freeway segment

Shoulder blocked| Shoulder blocked
(disabled vehicle) (collision)

1 lane blocked 2 lanes blocked | 3 lanes blocked

Residual capacity 99% 83% 49% 17% N/A
Capacity reduction 1% 17% 51% 83% N/A
REP(%) 1 17 26 49 N/A
Computed reduction 1% 17% 50.67% 83% N/A

To achieve the desired capacity reduction, a rubberneck effeshet@r (REP) within
the CORSIM simulation model can be set. This parameter atfeetacceptable gap between
leading and lagging vehicles. Within the CORSIM software ma(@@RSIM User’'s Manual,
2000), a technique is supplied for setting the rubberneck effeanetaato achieve varying
levels of capacity reduction for given roadway geometries.hiwithis technique, the
contribution of each lane to overall capacity reduction is computed faaction of a chosen
rubberneck effect parameter value. The capacity reduction istlgdirproportional to the
remaining capacity of each lane, which is determined through therndulkeeffect parameter
setting. For example, consider a three-lane freeway segmittnt 25% rubberneck factor for
two lanes and the remaining lane completely blocked. By the approgghssed in (CORSIM

User's Manual, 1998), reduced capacity (RC) by 50% would be d¢stma

RC = (100%)><%+ (25%)%+ (25%)% — 50%.
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This technique of setting the rubberneck effect parameter tovachi&nown level of
capacity reduction as determined through the Highway Capacity dlaras employed within
this work. From Table 3-3a and the rubberneck effect parametegsttchnique, appropriate
rubberneck effect parameter values were estimated for insidetit varying numbers of lanes
blocked for a three-lane freeway segment. The results are given é3Fabl

To illustrate how Table 3-3b can be employed in the setting ofubleerneck effect
parameter for the three-lane study segment, assume that one lane hasdkeehbyl an incident.
The rubberneck effect parameter should be set to 26% to yield agblifgiion in capacity. Note
that different parameter settings are given for incidemsiving disabled vehicles as opposed to
a collision for the case that only the shoulder is blocked.

Once an incident occurs, it is assumed that a warning siges flarrowboards or other
methods of signage are set up to warn the upstream traffic ohdlieent. Since guidelines
suggest that the optimal location for a warning sign is 500 feendbehe incident along a
highway (Guidelines for Emergency Traffic Control, 2006), a distah&®0 feet was set in this
study. Note that this provides the driver with approximately fiveoisgs between passing the
warning sign and passing the incident scene assuming a sp&&dmiles per hour. In the
CORSIM model, the rubberneck effect parameter is applied tettbeh of roadway between
the warning sign and the incident scene. For additional details comgénese and other related
parameters and techniques employed within the CORSIM modelC8#SIM User’s Manual,
1998).

The impact of any particular incident will depend on prevailinditrabnditions at the
time of the incident. It is, therefore, desirable to have knowledgeiat prevailing conditions

when studying savings in incident impact resulting from thetexte of the H.E.L.P. program.
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Since the necessary traffic volume data did not become avaitatiie study area until after the
study period, traffic volume data for the study roadway segmaeastemployed for the same
period, but in the following year. Specifically, reports from sitedwrs (three in each direction)
along 1-287 were made available through Transcom. Average weekdaweekend hourly
traffic volumes by month were computed from the available dataaVlege weekday hourly
volume data by month for 2007 was employed in the simulation runs. gieem incident, the
average hourly volumes determined at the nearest detector fomé@epériod in which the

incident impacted traffic was employed.

3.4 Estimating the Benefits of the H.E.L .P. Program

Once the rubberneck effect parameters were set, traffic velwaee estimated, and the set of
simulation runs were designed for estimating incurred travey @eld fuel consumption, the 693
incidents could be replicated. Note that the impact on traffic iropp®site direction was not
considered. Five runs of each of the 693 incidents were conducted andsthis mere
aggregated into 12 categories as a function of traffic volume (betvead 2,000 vehicles per
lane per hour in increments of 500 vehicles per lane per hour)aaedclosure (shoulder,
one-lane blocked or two-lanes blocked). For each group, the total sawingsms of
performance measures of travel delay and fuel consumption eeen@uted. Savings were
estimated based on the difference between the performance enaasoreasured on the base
case and each incident duration extended case:

iZj‘,(pnf’k - pm’), (3-1),

where
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[ . Incident i;

j : One of 12 categories classified by volume and lane blockage
properties, j= (1, ..., 12);

k . One of five incident duration extension casé&ss (5,10,15, 20, 25);

pm** : Average performance measure of incidemtith k-minute incident
duration extension; and
pm® : Average performance measure of incidenwith actual incident

duration as in the base case.

In the following subsections, estimated savings in travel delal, cluwasumption,

emission pollution and secondary incidents are given.

3.4.1Trave Delay

Table 3-4a (Page 53) shows the results of total savings in tt@\ssi (in vehicle-hours) for each
of the 12 categories. These savings are computed by first angem@ger the set of five runs
under each incident and then taking the sum of differences bethesndverages for the base
and extended case pairs. For example, there were 31 H.E.L.P. inciddetshe category of one
lane-blocked and volume level of 1,000 to 1,500 vehicles per lane per hodriskeategory, the
total savings in travel delay was computed to be 1026.4 vehicle-hoursiagghat the H.E.L.P.
program saved 5 minutes in average incident duration (i.e. as campdiethe five-minute
extended case). Thus, an average of 33.1 vehicle-hours savings irdélayeper incident was
estimated, inferring that the H.E.L.P. program would save approxynd8elehicle-hours in
travel delay under similar prevailing traffic conditions for theen 5-minute incident duration
savings. Savings in travel delay are most notable at hightéic tvolumes and where one or

more travel lanes are blocked, as one would expect.

41



3.4.2 Fuel Consumption

Table 3-b (Page 54) provides results of the simulation runs in tefnsavings in fuel
consumption (in gallons). The same categories and computational apfEgachion (3-1)) as
employed in estimating savings in total and average trdetaly are employed. For example,
assume a five-minute incident duration reduction is estimatedéoHtE.L.P. program. Then,
the 31 incidents categorized under one lane-blocked and volume level bét@@@rand 1,500
vehicles per lane per hour contributed to a total savings of 128.5 gaflred consumed, or an
average savings in fuel consumption for each incident of 4.2 gallonsgréater the traffic
volume, incident duration and savings due to the program, the greatthmgssin fuel

consumption.

3.4.3 Pollution Causing Emissions

Emissions are estimated with the use of empirically derivpehteons that can be used to
qguantify levels of certain pollutants as a function of travidydé€nce savings in travel delay are
estimated, rough estimates of savings in pollution causing iemsss specifically in
hydrocarbons (HC), carbon monoxide (CO) and nitrogen oxide (Nf@)be estimated using the
following factors: 13.073, 146.831, and 6.261 grams per hour delay, respectively (&ian
Rochon, 2006). A similar emission estimation approach was employediim ¢Gal., 2007). By
using these rates multiplied by the total delay savings fouf@ble 3-4b, the savings in terms
of emissions for different incident duration extension cases castleated as shown in Tables

3-4c through 3-4e (Page 55-57).
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3.4.4 Secondary I ncidents

A critical element in estimating the benefits of FSP progranghe savings in secondary
incidents. It is difficult, though, to estimate savings in secondmmigents, because such savings
can only be concluded from incidents that did not occur, which cannot be eltimdnSeveral
studies for estimating savings in secondary incidents assuimeaa function of the number of
secondary incidents and the total savings in incident duration (Guh, é&007; Chang and
Rochon, 2006). However, total delay may be more pertinent than incldeatton, because it
reflects not only the temporal properties of the incident impee, abut also the spatial
properties. Thus, to estimate such savings in secondary incidentewdbl@ result from the
H.E.L.P. program, Equation (3-2) is proposed. This equation assumeshé¢haumber of

secondary incidents is linearly correlated with total delay resutimg the primary incidents.

Nk = N xTDe

3-2),
TDP (3-2)
where
K : Number of secondary incidents found in the database;
N - Number of secondary incidents fde-minute incident duration
extension casek = (5,10,15, 20, 25);
TDP : Total delay for the base case (no extension for incident duration); and
TDek : Total delay for k-minute incident duration extension cas

k= (510,15, 20, 25).

To classify secondary incidents from the archived database, tthdy smployed a
Simulation-Based Secondary Incident Filtering (SBSIF) methoopbgsed by Chou and
Miller-Hooks (2009). The SBSIF technique explicitly considers treachics related to temporal
and spatial properties of traffic in estimating the incidergaot area of a given incident. Any

second incident falling within the impact area is identified aseeondary incident. This
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geometry-based method was applied to the 1-287 incident database aedodary incidents
were identified to have resulted from the 693 incidents thatvegt@issistance from the H.E.L.P.
program.

Chou and Miller-Hooks (2009) compared results of existing secondary nhcstiic
filtering and SBSIF methods with visual inspection and found thegréfisantly greater rate of
misclassification existed for the static methods as compaitbdive SBSIF method. In fact, the
static methods erroneously identified nearly double the number idemnts (i.e. up to nearly
96%) as secondary as identified by visual inspection. By contnas§BSIF method erroneously
identified only 12.5% additional incidents as secondary.

The simulation-based methodology described previously was empioyesdimate total

delay based on the base case and extension cE®8sand TD®¥, respectively. That is, the
693 incidents served by H.E.L.P. vehicle drivers that arose alongtulg roadway segment
during the study period were replicated to obtain an estimatgadfdelay due to the incidents.
The estimated numbers of secondary incidents under varying incideation extension cases

are shown in Table 3-5.

Table 3-5: Number of secondary incidents under varying incident duration exteasies
Incident duration
extension case
Total delay
(vehicle-hours)
Number of secondary
incidents

Base case 5 minutes 10 minutes 15 minytes 20 meinut®5 minutes

36,374 38,932 41,803 45,007 48,557 53,178

27 29 31 33 36 39

Table 3-5 indicates a savings in secondary incidents of betwezh & (compared with
27) and 12 (39 as compared with 27) incidents as a result of the.lM.Brogram assuming

between 5- and 25-minute reductions in incident duration, respectiwly.thit these estimates
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are likely to be conservative, because the actual durations® 688 incidents would have been
greater had the H.E.L.P. program not been in place and a greaterrrafrabeondary incidents

would be expected than were actualized.

3.5 Estimating the B/C Ratio for the H.E.L.P. Program

A widely employed method for assessing the benefits of FSP gmsgaround the country
involves the estimation of equivalent monetary savings from savingaual delay, emission
pollution, fuel consumption and secondary incidents (see FIRST and VFMdfions, 8 and 3,
respectively, for example). In this section, such a methodokgysed in conjunction with

operating cost estimates in assessing the B/C ratio of the H.E.L.Raprogr

3.5.1 Benefits

Let B,'jm denote the total benefit in terms of a given performance neaqm, for
pm e{travel delay; fuel consumption; HC, CO, and NO emissions; seconaargents},
assuming ak -minute incident duration reduction fopm e{travel delay; fuel consumption; HC,

CO, and NO emissions}, or &-minute incident duration extension foP™ e{secondary
incidents}. Extending Equation (3-1) for estimating the savings ifopeance measure

pm e{travel delay; fuel consumption; HC, CO and NO emissions} for eafch2 categories
() €{1,2,...,12}) of traffic level and lane blockage scenaric‘z?x;‘k,m can be computed as given in
Equation (3-3).

Bom = . (M — pny’), (3-3).

Vjiej
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Savings in the number of secondary incidents wstienated in Equation (3-2) by taking

the difference in the number of secondary incidahestified in the data archives (i.e. the base
case), denotedN®, and the number estimated given the additionatetrdelay that would be

incurred in the K-minute incident duration extension casd¢®*. Bgm for pm e{secondary

incidents} can be expressed as in Equation (3-4).

Bk, = N* - N° (3-4).

Let P,, be the monetary equivalent for each unit of sawing performance
measurgm e{travel delay; fuel consumption; HC, CO and NO esioss; secondary incidents}.

The total savings,TB¥, in all performance measure categories (travedyddliel consumption,
emissions and secondary incidents) from the proggaman k-minute incident reductions or

extensions as appropriate can be estimated by iBquat5s).

= 2 (P xByy) (3-5).

v pm

Results in terms of total benefit§B*, for the 1-287 study segment and given study

period are provided in Table 3-6. The monetary egjent rates (i.€R,,) assumed in this study

are given in the table. These values were seldotég consistent with similar rates used in the
literature. The monetary savings of $1,706 per iéan/ incident avoided is reported in
(Haghani et al., 2006), which was determined bywedaimg a 1994 estimate from the National
Highway Safety Administration to 2006 dollars. Samly, value of time estimates from Latoski
et al. (1999) were converted for use in estimatilgmonetary equivalent of one-hour of travel

delay savings per person (i.e. $15/hour) as peglibiai et al., 2006). Monetary equivalents for
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savings in emissions predicted here were obtaireed {Chang and Rochon, 2000). Similar rates
were employed in evaluating the TIM program (Guialg 2007). Note that these rates are based
on 2006 values and are quite conservative.

The results indicate that, assuming an averagectieduin incident duration of 20
minutes (i.e. k = 20), the H.E.L.P. program le@dtoequivalent savings of $215,000, or an annual
savings of $430,000, for the 10-mile study segnaemt six-month study period. These savings
were driven by estimated annual savings of:

(a) 24,000 vehicle-hours in travel delay;

(b) 2,900 gallons of fuel consumed;

(c) 0.32 ton of hydrocarbon (HC);

(d) 3.6 tons of carbon monoxide (CO);

(e) 0.2 ton of nitrogen oxide (NO); and

(f) 18 secondary incidents.

3.5.2 Costs

The total cost,TC, is a function of the number of roving FSP trueksng the study segment,
hourly operating cost per truck, number of workirurs, and number of workdays in the study

period, as expressed by Equation (3-6).

TC =cxnx hr x day (3-6),
where
TC : Total cost for operating the FSP program in dojlars
c : Cost per truck-hour;
n : Number of roving trucks;
hr  : Number of working hours in each day; and

day : Number of workdays in the study period.
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Cost estimates of $40 and $50/truck-hour were pexviby H.E.L.P. program personnel.
Two roving trucks operated within the study roadwssgment with an eight-hour workday.
These trucks operated during 126 workdays withenstindy period. Thus, by Equation (3-6), the
operational costs, including the costs of fleet ntemance and personnel, along the study
roadway segment during the study period were estiinat $80,640 and $100,800 for $40 and

$50/truck-hour, respectively.

3.5.3TheB/C Ratio

Results of benefit and cost estimates can be cadhio assess the B/C ratio for the H.E.L.P.
program for the study area and study period fohdaminute incident reduction or extension
case. These results, given in Table 3-6 (Page iGfjcate that, even using exceptionally
conservative monetary equivalent rates, the progrpenates with a B/C ratio of 2.68 assuming
a cost of $40/truck-hour for operating the H.E.lpfdgram or a 2.14 B/C ratio assuming a cost
of $50/truck-hour for a k-value equal to 20 minufésus, the H.E.L.P. program is cost effective
and provides a sizable return on the public’s imesit.

To determine the point at which the program brealen, where the cost of operation is
equivalent to the savings achieved by the progitaen,B/C ratios for each k-minute incident
reduction or extension case are plotted againsatbeage estimated incident duration savings in
Figure 3-3. This plot shows that breakeven pointseweached at eight and 11 minutes for $40
and $50/truck-hour operating cost rates, respdytifdat is, if the cost of operating a H.E.L.P.
vehicle is assumed to be $40/truck-hour, the prognaust save, on average, more than eight
minutes in incident duration for the benefits taveeigh the costs. Note that the average savings
in incident duration estimated for the H.E.L.P.graom (approximately 20 minutes) far exceeds

this breakeven point even for the assumed higheratipnal rate of $50/truck-hour.
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Figure 3-3: B/C versus incident duration reductigrcost

3.6 Summary

In this chapter, key findings in terms of incideatluction savings due to the implementation of a
FSP program of extensive statistical analyses aflyel0,000 incidents arising in the Hudson
Valley region of New York State, a suburb of NewrkcCity, are given. A simulation-based
methodology, including details for setting key slation parameters, for assessing the impact of
these savings on savings in travel delay, fuel eapdion, emissions and secondary incidents is
presented. Using this methodology, the H.E.L.Pgram’s B/C ratio was estimated and tables
including sufficient detail to permit other FPS grams operating along roadways with similar
geometry to complete similar estimates for theirnoprograms are provided. Estimates
employing the provided tables require only the nemdf incidents under varying categories of
incident properties and information on prevailingffic conditions.

The B/C ratio for the H.E.L.P. program and asseddagbles with greater utility were
developed from data associated with only a thrae;ld0-mile stretch of 1-287. The study

described herein can be repeated for roadway segmeth varying roadway geometries to
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provide more accurate benefit estimates for programperating on roadways with different
roadway configurations.

The rates employed in estimating the monetary edgim of savings in the various
performance measures are very conservative, pintigdor the location in which the H.E.L.P.
program operates. No details of traffic compositirpassenger occupancy were available for
this study. Thus, traffic was assumed to considiredyp of passenger cars with only one
passenger per vehicle. The New York Metropolitaan$portation Council (Hrabowska and
Chandra, 2008) reported an average occupancy & fiassengers per passenger car in
Manhattan for 2006. An average occupancy of appraiely 1.15 passengers per passenger car
has been computed for a stretch of a suburban &génwthe Washington, D.C. metropolitan
region. Commercial vehicles may make up a substaptrtion of traffic in a region such as
studied herein. The data from the Washington, In€tropolitan region indicates that during the
morning peak period, commercial vehicles make upvéen three and six percent of traffic.
Smalkoski and Levinson (2005) report an average oatapproximately $49 per commercial
vehicle-hour delay based on data for MinnesotasTthe assumed rate of $15 per vehicle-hour
delay is quite low and a much higher rate woulddgpiired to account for truck and commercial
vehicle traffic.

A cost of $1,706 estimated per secondary incidenélso seemingly very low. The
National Highway Traffic Safety Administration (NISR) (Blincoe et al., 2002), Parry (2004)
and Hanley (2005) report that the average cost thfic incident involving only property
damage was $2,532 nationally in 2000, $3,447 irA2(00r Washington, D.C.) and $6,500 in
2005 (for Wisconsin, Connecticut and several ostates), respectively. The NHTSA reports

average costs of nearly $1.1 million for incideitgolving persons in critical condition and
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nearly $1 million where a fatality is involved (le&son 2000 data). A slightly higher figure is
estimated in (Hanley, 2005) for several statessactioe U.S. Even greater costs may be incurred
where commercial vehicles are involved, particylafl significant damage to the civil
infrastructure results.

This chapter shows that the H.E.L.P. program opsratith better than two-to-one
benefit-to-cost ratio (2.68 and 2.14 for $40 an@/88ck-hour operating cost rates, respectively)
under these very conservative assumptions. Witavenage occupancy of 1.15 (instead of 1)
passengers per vehicle, traffic composition with & amercial vehicles (instead of zero) with a
rate of $49 per commercial vehicle-hour delay, andost of $6,500 (instead of $1,706) per
avoided secondary incident, all else unchangedyenefit-to-cost ratio would be 4.2 and 3.4 for
$40 and $50/truck-hour operating cost rates, reés@de. With only one fatal incident avoided at
a savings of $1,000,000, this ratio would increadeetween 16.5 and 13.2.

Additional savings incurred by drivers, includingsts of towing, changing of tires or
minor repairs, as well as savings to the local comity in terms of reduced fatality rates, and
thus, reduced lawsuits, roadway closures and teeoliforensic teams, for example, might also
be included in the B/C ratio estimates. Additioealings may also be realized that were not
considered in this study. For example, drivers ishlled vehicles or vehicles involved in a
collision may not need to pay for towing and sasingay be incurred by local police agencies,
where the H.E.L.P. vehicles are able to responddidents in place of troopers. Additionally, the
troopers can spend their time on more urgent bssifer which they were trained. Such factors
require additional study. The appropriate factord @tes to use in freeway service patrol benefit
analyses is the subject of future research byutteoes.

A rather extensive set of simulation runs were cmhed in this study in quantifying the
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benefits of the H.E.L.P. program and the ultimat€ Batio with accompanying general-use
tables. This approach required enormous simulatiartime. While the approach applied within
this study can be directly extended for use inyghglany roadway for which the necessary data
is available, a less computationally burdensoméntiecie can be created for generating an
adequate number of random incidents instead oicegpig all of the historical incidents. Such a
technique is the focus of continued work by théharg and would not only require significantly

reduced effort, but would also permit study of miariger roadway segments or networks.
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Table 3-4a: Savings in travel delay (vehicle-hours)

Travel Delay (vehicle hours) | 5 minutes reduction| 10 minutes reduction| 15 minutes reduction| 20 minutes reduction| 25 minutes reduction
Volume Freq. Total Avg. Total Avg. Total Avg. Total Avg. Total Avg.
<500 37 1.06 0.03 0.64 0.02 1.13 0.03 0.8f 0.02 0.63 0.02
500-1000 312 23.54 0.08 24.00 0.08 25.111 0.08 26.98 0.09 30.97 0.10
Shoulder 1000-1500 221 63.23 0.29 78.20 0.35 87.94 0.40 97.11 0.44 121.89 0.55
>1500 30 180.29 6.01 391.28 13.04 631.%3 21.05 889.75 29.66 1,168.68 38.95
<500 7 0.18 0.03 0.61 0.09 0.55 0.08§ 0.69 100 0.41 0.06
500-1000 45 12.30 0.27 22.74 0.51 36.0B 0.80 50.90 1.13 66.60 1.48
One Lang 1000-1500 31 1,026.3% 33.11 2,254.95] 72.74 3,684.56| 118.86 5,330.75 171.96 7,459.18 240.62
>1500 4 557.75 139.44 1,194.40 298.68 1,854.17| 463.54 2,558.43 639.61 3,496.60 874.15
<500 0 0 - 0 - 0 - 0 - 0 -
Two 500-1000 5 508.54 101.71 1,048.93 209.79 1,650.09] 330.02 2,293.78 458.76 3,252.08 650.42
Lanes | 1000-1500 1 184.69 184.69 412.7p 412.] 661{48661.48 933.22 933.22 1,207.3451,207.25
>1500 0 0 - 0 - 0 - 0 - 0 -
Total 693 | 2,557.93 5,428.81 8,632.54 12,182.48 16,804.24
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Table 3-4b: Savings in fuel consumption (gallons)

Fuel Consumption (gallons) | 5 minutes reduction | 10 minutes reduction| 15 minutes reduction| 20 minutes reduction| 25 minutes reduction
Volume Freq. Total Avg. Total Avg. Total Avg. Total Avg. Total Avg.
<500 37 2.35 0.06 4.79 0.13 4.66 0.12 4.19 0.11 422 0.06
500-1000 312 38.49 0.12 39.00 0.12 51.34 0.16 51.18 0.16 58.66 0.19
Shoulder
1000-1500 221 57.99 0.26 66.93 0.30 74.33 0.34 88.96 0.40| 106.35 0.48
>1500 30 36.86 1.23 73.02 2.43 119.64 3.99 161.24 753 209.22 6.97
< 500 7 0.20 0.03 0.45 0.06 0.37 0.05 0.26 0.04 90.5 0.08
500-1000 45 8.51 0.19 14.54 0.32 21.69 0.48 27.75 0.62 35.85 0.80
One Lane
1000-1500 31 128.51 415 271.42 8.76 435.60 14.05 627.2L 20.23 780.57 25.18
>1500 4 69.14 17.28 144.97 36.24 199.78 49.95 244.1p  61.03 292.14 73.04
<500 0 0 - 0 - 0 - 0 - 0
Two 500-1000 5 37.51 7.50 74.74 14.95 119.25 23.85 161.31  2.28 171.39 34.28
Lanes | 1000-1500 1 19.28 19.28 42,65 42.65 63.83 63.83 84.83 8B4 103.74 103.74
>1500 0 0 - 0 - 0 - 0 - 0
Total 693 398.84 73251 1,090.49 1,451.05 1,760.75
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Table 3-4c: Savings in HC (grams)

Emission - HC (grams) 5 minutes reduction | 10 minutes reduction| 15 minutes reduction| 20 minutes reduction| 25 minutes reduction
Volume Freq. Total Avg. Total Avg. Total Avg. Total Avg. Total Avg.
<500 37 13.81 0.36 8.31 0.22 14.72 0.39 11.35 0.30 8.24 0.22
500-1000 312 307.76 0.99 313.75 1.01 328.24 1.05 352.66 131 404.82 1.30
Shoulder
1000-1500 221 826.55 3.74 1,022.33 4.63 1,148.3 5.20 1469 5.74 1,593.44 7.21
>1500 30 2,356.88 78.56 5,115.18 170.51 8,256.0p 275.2D 11,631.65 387.72 15,277.5 509.25
<500 7 2.33 0.33 7.92 1.13 7.24 1.03 9.05 1.29 15.4 0.77
500-1000 45 160.77 3.57 297.28 6.61 471.67 10.48 665.3p 14.79 870.69 19.35
One Lang
1000-1500 31 13,417.47 432.82 29,478.94 950.93 48,168.B1 553182 69,688.92 2,248.03 97,513.8 3,145.61
>1500 4 7,291.47 1,822.87 15,618.31 3,904.59 24,239162 6,059.90 33,446.38 8,361.60 45,711.4 11,427(7
<500 0 0 - 0 - 0 - 0 - 0 -
Two 500-1000 5 6,648.14 1,329.63 13,712.61 2,742.5p 21,571/57 4,314.31 29,986.64 5,997.33 42,514.4 8,502.89
Lanes | 1000-1500 1 2,414.48 2,414.48 5,396.06 5,396.0 8,647.95 647855 12,199.93 12,199.93 15,782.4 15,78243
>1500 0 0 - 0 - 0 - 0 - 0 -
Total 33,439.66 70,970.77 112,853.27 159,261.41 219,681.86
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Table 3-4d: Savings in CO (grams)

Emission - CO (grams) 5 minutes reduction | 10 minutes reduction 15 minutes reduction| 20 minutes reduction| 25 minutes reduction
Volume Freq. Total Avg. Total Avg. Total Avg. Total Avg. Total Avg.
<500 37 155.05 4.08 93.38 2.46 165.33 4.35 127.4% 35 3. 92.50 2.43
500-1000 312 3,456.70 11.08 3,523.94 11.29 3,686.6 11.84 3,960.91 12.70 4,546.77 14.57
Shoulder 1000-150¢ 221 9,283.54 42.01 11,482.48 51.96 12,897.64 58.36 14,258.17 64.52 17,896.94 80.98
>1500 30 26,471.57 882.39 57,451.74 1,915.06 92,728.48 3,090.95 130,642.29 4,354.74 171,591.11 5,719.70
<500 7 26.14 3.73 88.98 12.71 81.34 11.62 101.61 5214 60.79 8.68
500-1000 45 1,805.73 40.13 3,338.94 74.20 5,297.64 117.78 7,473.11 166.07 9,779.24 217.32
One Lan 1000-150( 31 150,700.00 | 4,861.29 331,096.5 10,680.53 | 541,008.22 17,451.88|  782,719.45 25,249.02 | 1,095,238.84 35,330.29
>1500 4 81,894.99 20,473.75|  175,419.98 43,854.90 | 272,250.22 68,062.56|  375,657.13 93,914.28 | 513,408.99 128,352.25
<500 0 0 - 0 - 0 - 0 - 0 -
Two 500-1000 5 74,669.44 14,933.89]|  154,014.85 30,802.97 | 242,283.78 48,456.76  336,798.40 67,359.72 | 477,506.14 95,501.23
Lanes |1000-150( 1 27,118.51 27,118.51 60,606.5 60,606.55 97,126.06 97,126.06|  137,025.04 137,025.04 | 177,262.31| 177,262.31
>1500 0 0 - 0 - 0 - 0 - 0 -
Total 375,581.67 797,117.00 1,267,525.36 1,788,763.94 2,467,383.66
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Table 3-4e: Savings in NO (grams)

Emission - NO (grams)

5 minutes reduction

10 minutes reduction

15 minutes reduction

20 minutes reduction

25 minutes reduction

Volume Freq. Total Avg. Total Avg. Total Avg. Total Avg. Total Avg.
<500 37 6.61 0.17 3.98 0.10 7.05 0.19 5.43 0.14 439 0.10
500-1000| 312 147.40 0.47 150.26 0.48 157.2Q 0.50 16890 540 193.88 0.62
Shoulder 1000-150Q 221 395.86 1.79 489.62 2.22 549.97 2.49 607.98 752 763.14 3.45
>1500 30 1,128.77 37.63 2,449.79 81.66 3,954.02 131.80 5,570.70 185.69 7,316.74 243.84
<500 7 1.11 0.16 3.79 0.54 3.47 0.50 4.33 0.62 925| 0.37
| 500-1000] 45 77.00 1.71 142.38 3.16 225.9¢ 5.02 318.6 087.| 417.00 9.27
One Lan 1000-1500 31 6,425.98 207.29 | 14,118.24 45543 | 23,069.08 744.16 | 33,375.84 1,076.64 | 46,701.93| 1,506.51
>1500 4 3,492.07 873.02 7,480.04  1,870.0/111,608.98| 2,902.25 | 16,018.34| 4,004.59 | 21,892.20| 5,473.05
<500 0 0 - 0 - 0 - 0 - 0 -
Two | 500-1000 5 3,183.97 636.79 6,567.33  1,313.4710,331.19| 2,066.24 | 14,361.38| 2,872.28 | 20,361.27| 4,072.25
Lanes (1000-150( 1 1,156.36 | 1,156.36| 2,584.32 | 2,584.32| 4,141.54 | 4,141.54| 5,842.87 | 5,842.87| 7,558.62 | 7,558.62
>1500 0 0 - 0 - 0 - 0 - 0 -
Total 16,015.13 33,989.75 54,048.38 76,274.43 105,211.36

57



Table 3-6: Benefit and cost estimation of the H.E.lprogram for six-month operation along 1-287

BENEFIT
rzlé[ﬂ%r;] 5 minutes 10minutes 15minutes 20minutes 25minutes
10 15 25
_ P B TB® Ban | 180 | Ben | T Bim Bom | 1B
Saving pm (Savings in |(Total savings (Savings in |(Total saving{(Savings in  |(Total saving (Savings in |(Total savingg (Savings in |(Total savings
($unit)| itslin dollars) ~ |original in dollars) |original in dollars) original in dollars)
original units : b b
units) units) units)
Delay 15 2,558 38,369 5,429 81,432 8,638 129,4 16,804 252,064
(vehicle-hours)
Fuel consumption 399 1,197 733 2,198 1,090 3,27 i ¢ 615,282
(gallons)
HC (tons) 6,700 0.03 224 0.07 476 0.11 756 0.22 1,47
CO (tons) 6,300 0.38 2,389 0.80 5,070 1.27 8,06 11,387 2.47 5,698
NO (tons) 12,875 0.02 206 0.03 438 0.05 696 0.11 1,35
secondary 4 7661 5 3,412 4 6,824 6 10,234 12 20,4]
incidents
Total saving 45,796 96,436 152,5( 0 6,237
COST
Total Cost n hr day C
TC =cxnx hr x day Number of roving trucks work hours a da: work davs cost per truck hour
Yy y
COST(1) 100,800 2 8 126 50
COST(2) 80,640 2 8 126 40
B/C RATIOS
Incident reduction case 5 minutes 10 minutes 15tem 20 minutes 25 minutes
B/C ratio (with COST(1)) 0.45 0.96 1.51 2.14 2.94
B/C ratio (with COST(2)) 0.57 1.20 1.89 2.68 3.67
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Chapter 4: Secondary Incident Filtering Model

4.1 Introduction and Background

In the United States, it is estimated that as kaig60% (Lindley, 1987) of non-recurrent freeway
congestion is caused by incidents. While this emténvaries by roadway and city, as well as
measurement technique employed for its computatitsn,significance has been noted in
numerous studies (Skabardonis et al., 2003; Schastk Lomax, 2007). This non-recurrent
congestion negatively impacts safety and mobilitgroduces enormous travel delay and results
in secondary incidents (i.e. collisions resultingni abrupt changes in traffic flow conditions
caused by prior traffic incidents), which not ommguce additional congestion, but cause 18% of
all freeway fatalities (Brach, 2008). Consequenthgasures that can reduce the number of
incidents and their impact, including the occureein¢ secondary incidents, have been widely
studied and implemented. Typical methods for agsgske benefits of such measures require
the ability to quantify the measure’s impact onvéladelay reduction, secondary incident
occurrence, and other factors. This often requarstudy of traffic impact and identification of
secondary incidents from archived data. Additiondlh study the characteristics of secondary
incidents and the specific details of events thatse them, it is necessary to first identify them.
Static threshold filtering methods that employ bdsion time and space in identifying
secondary incidents have been widely used, degpée it is commonly known that such
methods erroneously identify incidents as seconddrgn they are, in fact, isolated incidents
(MNDOT, 2004). Two prior studies propose dynamie#hold methods that overcome some of
the shortcomings of such static threshold techrsigbhewever, these techniques have significant

deficiencies or require significant computationifie. A computationally efficient methodology
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for accurately identifying secondary incidents frarchived incident data is proposed herein.

In the next section, methods from the literature fithering historical traffic data to
identify and classify incidents as secondary incideare reviewed. In Section 4.3, a
geometric-based method, the Simulation-Based Secgridcident Filtering (SBSIF) method,
for classifying secondary incidents from archivadident data that overcomes the deficiencies
of existing filtering methods is proposed. In Sextd.4, the proposed methodology is applied to
incident data for a segment of I-287 in New Yorkt8t Results of this application show that the
proposed method produces significantly fewer erasrsompared with static threshold methods.

Conclusions are given in Section 4.5.

4.2 Review of Secondary Incident Filtering Methods

Numerous methods have been proposed for identifggmpndary incidents. One approach to
classify incidents as secondary could be to enthistcategorization to police officers or other
personnel who record information about incidents/kich they respond or employees of traffic
management centers, where observations via CCT\itonmgy can be employed. Such methods
would, however, require human judgment and widealiperspective.

Numerous automated approaches to identifying whetheot an incident is secondary to
another incident via computer programs that fittata in archived incident databases have been
proposed in the literature. The majority of theggpraaches employ temporal and spatial
thresholds related to the primary incidents. Faneple, Raub (1997) used static thresholds of
1,600 meters and 15 minutes. Any incident arisinidniov 15 minutes of resolution of another
incident and within one mile of that incident idided as a secondary incident. Other works that

employ similar static thresholds include: Mooreakt(2004), Hirunyanitiwattana and Mattingly
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(2006) and Zhan et al. (2008).

Chilukuri and Sun (2006) proposed the use of arpssgpn curve for identifying secondary
incidents involving a spatial threshold that is @nlmear function of time beginning after the
occurrence of a primary incident. The progressiomnesis constructed from affected distance lengths
(defined as the distance from the location of asdent to the back of the developing queue)
computed from archived incident data. Incidents dassified as secondary incidents if they fall
under the curve. A simulation-based approach femtitying the time-space incident impact area of
individual incidents was introduced by Haghanile{2006). In their approach, the incident impact
area is identified from the shockwave that arisea aonsequence of the incident in the simulation
model. A set of preselected time intervals, aloittp wccupancy data employed to evaluate queue
lengths, are employed in seeking the impact araagla specific time interval for each incident. In
each iteration of the procedure, the time-dimensancreased by a constant interval employed in
impact area identification. The procedure is regzbaintil the occupancy data indicates that traffic
has returned to pre-incident conditions. Any inntdarising in the impact areas identified for each
time interval up to the last time interval testedconsidered to be a secondary incident. These
approaches are summarized in Table 4-1.

Table 4-1: Summary of existing secondary inciddentification methods.
Author, Year Method
Static method with thresholds of 1,600 meters &nd 1
Raub, 1997 : L :
minutes from incident resolution
Static method with thresholds of two miles and tvoairs
Moore et al., 2004 L . o
from incident identification
Chilukuri and Sun, | Dynamic method employing progression curves ovee ti
2006 and space based on incident queue length informatio
Hirunyanitiwattana | Static method with thresholds of two miles and 60utes
and Mattingly, 2006 | from incident identification
Haghani et al., 2006 Dynamic, simulation-based oet#mploying shockwaves
Static method with thresholds of two miles and lbutes
Zhan et al., 2008 L .
from incident resolution
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The static threshold filtering models assume thatimcidents occurring within a defined
time period and spatial area are secondary ingsdéidwever, there is no agreement on the
threshold values to be employed in defining tmseframe and spatial area. Moreover, the static
threshold approaches do not provide scientific-ttgastification for the threshold values that
they employ. These methods, therefore, can leawidolassification errors, where an incident is
mistakenly identified as secondary.

The progression curves proposed by Chilukuri and §006) compensate for the
inadequacies of the static based approaches bylisbtag thresholds based on queueing
information associated with primary incidents. Thepproach assumes that queueing
information can be gathered from the archived iectddatabase; however, it is often the case
that limited queuing information, at best, can b&ieved from such records. Additionally, this
method applies an identical function (in the formaoprogression curve) over all incidents,
regardless of the number of lanes blocked or traffiume, for identifying secondary incidents.

The simulation method of Haghani et al. (2006) abers the dynamics associated with
traffic in the aftermath of an incident. Their apach seeks to estimate the impact area through
simulation. The impact area is mathematically repnéed by rectangles with a dimension in
time. The smaller the time interval considered,gteater the accuracy of the estimation method,
but the smaller the time interval, the greater toenputational effort required to identify

secondary incidents from within the archived data.

4.3 The SBSIF Method

A computationally efficient methodology, the SBStkethod, is proposed for efficiently

delineating the boundaries of the incident impaetan a time-space contour map of traffic
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speeds and employing the outcome in identifyingosdary incidents from incident data
archives. Unlike existing static threshold filteginechniques and the dynamic technique of
Chilukuri and Sun (2006), this method accountstiier dynamic spatial and temporal properties
of incident impact given prevailing traffic conditis.

The SBSIF method is composed of two main tasks.fifsetask identifies the incident
impact area that results from each primary incideet the portion of the time-space traffic
speed contour map in which traffic speeds are iteplhas a consequence of the incident. The
second task employs the impact area to identifysde®ndary incidents from archived data. The
identification of an incident as secondary to anany incident is illustrated in Figure 4-1. Given
the incident impact area created by an incident, ‘iAtident “B” is classified as a secondary

incident.

' Space

Time
|:| Impact area created by A

. Primary Incident

. Secondary Incident
Figure 4-1: Classifying a secondary incident

Direct measurement of the impact area for everglent as is required for the first task is
computationally burdensome. Thus, to facilitates tlaisk, an approach that develops regression
models from simulating representative incidents @ige in estimating the impact area for

incidents with given properties under given traffanditions is proposed. The regression models
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were assessed with empirical incident data and bmremployed in estimating geometrical
properties of the impact area associated withragoy incident that are necessary for delineation
of the boundaries of this area. In succeeding suiloses, the specific steps of the SBSIF method

are described and assessed.

4.3.1 Procedures of the SBSIF M ethod
The steps of the SBSIF method, assuming that tloessary regression models exist for
estimating the corner points for delineation of ith@act area boundaries, are given in Figure 4-2.
The regression models are described in detail bs&attion 4.3.3.

Let Pdenote the set of incidents archived in an incidéatabase arising along a

roadway segment during a given study perdd{p, [te [ ={12,..T},ie 12,...n)}, where
p, represents incident ii e (12,...n, , pf incident typet, I'" is the set of incident typesy,

is the number of incidents of type t, aEJI n, =| P |. The initial step of the SBSIF method

tel
defines two subsets of incidents in the archivethlssd® : primary incidents and potential

secondary incidents, denoted 6y, — P and Q, c P, respectively. The user can select the
types of incidents that belong Q. Let Q c T" be the set of types of incidents that belong to
Q, as determined by the use® represents the set of incident types for whichuser would
like to determine the set of resulting secondagydients. Q, ={ p, |i = @.2,...n,),k e Q} and

an =|Q, | . For example, a user might be interested to uhéterthe set of secondary incidents
keQ

from only the collision category, only the disableéhicle category, both or any other

classification of the incidents in an archived Bate. Moreover, all incidents in the database can
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be regarded as primary incidents, in which caséyp#s of incidents would be included @,

i.e. Q=T and Q,=P. Similarly, Q, is defined as the collection of incidents of typg
A c I, where A, denotes the chosen classes of incidents to bsidsyed as possible

secondary incidents to incidents @,. Q, ={p; [i= @2...n;),j A} and an = Q,|. For

jeA
example, an incident of the collision type may beluded in Q,, whereas, incidents of the

disabled vehicle type may not.
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The SBSIF Method

Step 0: S=¢. Select and removg, from Q,.

Step 1: Generate a corner point s€}, , of incident p, € Q, via regression models with

traffic conditions and incident properties.
Step 2: Let (x,y)-coordinates ofy, € Q,be the point of origin,0,0). Form an impact

arealA, ,of incidentp, e Q,using line functions with the corner point g, .
Step 3: Compute (x,y)-coordinatés,y) . for a potential secondary incidenp; < Qq,
with data logs of mile marker and incident startestamp with respect t, € Q,.
Step 4: If (X,y) b, € IA, and the traffic flow direction ofp; is the same asp, , a
primary-secondary pair is found, denotég,, p; ) -
Step 55=SU{( py, p;)} - Repeat Steps 3 and 4 for afi, c Q,and p; = p,.
Step 6: If Q,#¢, select and remove, from Q, and return to Step 1; otherwise, if

Q,=¢, stop. The procedure terminates with the setadrsgary incidents and the
pairing of secondary incident to primary incidents.

Notation employed:

Q, . Set of primary incidents consisting & incident types,
Qp =p,,Vie @2..n), Qcrl

P : Anincident, i, of incident typeKk,
Vi=(12,..n).ke @2..K), peQ,

Q. . Set of potential secondary incidents consisting &f
incident types,Q, = p;,Vie 12,...n;), AcT

p; : Anincident, i, of incident type j,
Vi=(@12..n),je @2.J), p; €Q

S . Set of primary-secondary incident pairs,

S={(Pi:Pj)} VPy €Q,, P; €Q,
(Pw.P;) - Aprimary-secondary incident paifp, € Q,, p; € Q,

Chp. - Set of corner points of incidenp, , Vp, € Q,
1A, +Impact area of incidentp, , vp,, € Q,
(X Y) b (x,y)-coordinates of incidentp,, Vp; € Q

Figure 4-2: The SBSIF method
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The SBSIF method classifies an incident@ as a secondary incident by determining
whether or not the incident falls within the impaatea of any incident iQ,. Multiple
regression models are applied in Step 1 to genera of corner pointsC, , associated with
individual incident properties and prevailing traffonditions for an incidentp, € Q, Detailed

description of incident impact area delineatiorotlgh corner point identification and the use of
regression modeling for first identifying the corrmmints are provided in Sections 4.3.2 and
4.3.3. Alternatively, one can identify the corn@irngs directly through analysis of traffic data.
Specifically, one can develop a traffic speed contmap, as in Figure 4-3a of Section 4.3.2,
from traffic detector data to capture the impacaofincident given the incident’s characteristics
and prevailing traffic conditions. As it is oftenet case that such data is unavailable, simulation
can be employed to estimate the required traffia da develop such contour maps. Since the
necessary traffic detector data may not be availaipld replications of the incidents using a
simulation package can be quite time-consumingnihéiple regression modeling approach is
proposed. Equations of the line segments formeaLigir neighboring pairs of corner points are
determined in Step 2. These equations are usedlittedte the boundaries of the impact area,

|A, , of incidentp, € Q,. The (x,y)-coordinates in time and space of thmary incident, p,,
under consideration are set to orig{0,0) , .

In Step 3, the temporal and spatial (x,y)-cooraéea(x, y) B! of each incidentp; in
Q,, are computed with respect to the primary incidestiart timestamp and location given by
the mile-marker data log. If the (x,y)-coordinatsincident p; fall within the impact area

generated by the primary incidgmy, incident p; is classified as a secondary incident in Step 4.
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A primary-secondary incident pairing is made, dedop,, p;) . This process (Steps 3 and 4) is
repeated over all incidents iQ, (via Step 5). Steps 1 through 5 of the algorith repeated
over all incidentsQ, . Note that it is possible that more than one seapnincident will be
associated with the same primary incident. MoreoagrQ, may intersectQ;, this method can

help to identify tertiary (i.e. secondary incidemtfssecondary incidents) and higher orders of

incidents.

4.3.2 Impact Area Analysis

An illustrative incident impact area contour map@eted from simulation of traffic for a given
incident is provided in Figure 4-3a. The shape hd tontour map is sensitive to incident
properties and prevailing traffic conditions. Thepact area can be identified based on user
defined performance measures, such as speed, valuowupancy, and thresholds for level of
service. For example, in the figure, existing tiaameeds are compared with pre-incident travel
speeds in incident impact area identification. @ae see the boundary of the discontinuous
region of traffic flow in Figure 4-3a, which fornasdynamic region within which an incident can
be classified as a secondary incident.

Using a threshold value for average speed fromrmielent conditions, one can form a
time-space polygon to represent the impact areferBnt threshold values will lead to different
polygon representations. The incident impact apedhie illustrative example is identified as the
area for which a decrease in speed to a valughass50% or 75% of the average pre-incident
speed is noted (shown in the dark shaded or ligatlesd polygon for 50% or 75% thresholds,
respectively, in Figure 4-3b). For a chosen thrigsivalue, any incident occurring within the

identified time-space polygon generated by a pryniacident can be classified as a secondary
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incident. Once the incident impact area speed cwontoap is obtained, it can be visually

inspected and the (x,y)-coordinates of the corrmentp of the impact area can be identified as

shown in Figure 4-3c.
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Figure 4-3a: Traffic speed contour map of an ingide
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Figure 4-3b: Impact area with two threshold deioms
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Node 3 (X5, Y3) Node 4 (x,, ¥,)

End point of the backward-forming Point at which pre-incident
shockwave conditions are re-established

BREN

Secondary Incident

>Time
/
Node 1 (x,, y,) Node 2 (x,, Y,)
Origin in time and space of Incident origin in time and space
primary incident onset of incident clearance

Figure 4-3c: Impact area identification throughrearpoint identification

Typically, four corner points are required to spedhe polygon; although, in some
situations, the polygon may consist of only 2 atoBner points. One can interpret each corner
point as follows.

Node 1: Incident Sart Point

The first node represents the incident origin eident onset.
Node 2: Incident End Point

The second node represents the incident origiheatine of incident clearance (i.e. the
time at which normal traffic conditions are resthreThus, this node represents the same
location as Node 1, but at a later time.

Node 3: Point of the Shockwave Transition

The third node represents the location and poinime at which the backward-forming
shockwave (identified by temporal and spatial b@updonditions that demark a discontinuity
in flow-density conditions (May, 1990) terminates.

Node 4: End of Incident Impact
The fourth node represents the location and timehath normal traffic conditions are

re-established.

70



The x-value associated with each corner pointnseasure of time and the y-value is a
measure of space. With the knowledge of the (xpprdinates associated with each of the corner
points, the polygon can be completely specifiece Sides of the polygon are computed from the
(x,y)-coordinates of their endpoints using the ¢igmaof a line; given two corner points (x1,y1)
and (x2, y2):

Y=Y, +[(¥2 = y) 10 = X)]x (X=X

Any incident arising at a time and location assecavith an (x,y)-coordinate that falls

within the polygon formed by the primary incidest dlassified as a secondary incident. The

square in Figure 4-3c illustrates such a seconidargent.

4.3.3 Regression Modelsfor Identifying Corner Points of Incident | mpact

Areas

Simulation can be employed to create the traffieesbbcontour map for any given incident and
the incident impact area can be identified visuaBince analysis of a historical archive of

incident data would require incident impact areentdication of hundreds of incidents, this

process would be excessively time-consuming. Tthesuse of multiple regression models that,
once calibrated, can be employed to identify thepaot area of a primary incident given

prevailing traffic conditions and incident propesj is suggested herein to facilitate this task.
Each of the regression models identifies a corantpf the impact area for an incident with

given properties. This approach to incident impa&a identification explicitly considers the

variability of traffic flow characteristics in thaftermath of an incident, i.e. it is a dynamic

approach.

To calibrate the regression models, traffic coondsi were simulated using the CORSIM
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simulation platform for a model of a 10-mile stire{¢wo directions) of 1-287 in New York State
containing three main lanes, a right-side shoulded no on- or off-ramps. Additional detail
concerning the data archive, specific location asithulation model are provided in
(Miller-Hooks and Chou, 2008). 360 representatn@dents with a wide range of characteristics
under varying traffic conditions were replicate@eSifically, the criteria considered include:

1. Lane blockage: shoulder, 1 and 2 lanes blocked;

2. Incident duration: 10, 20 and 30 minutes;

3. Speed: 55 and 65 miles per hour; and

4. \Volume: 400 to 2300 vehicles per lane per hourG@ \tehicle increments.

By using simulated incident data instead of histdridata, a wider range of incident
characteristics can be captured.

Each of the 360 representative incidents was stedilaver a two-hour period and traffic
data was collected from the run results. The awersigeed at one-minute increments was
collected over space with 1,000 feet spacing. Tloedent impact area was identified by first
recognizing the stretch of roadway and time intisr¥ar which an average speed reduction by
50% is noted. For each incident, the (x,y) coordisaof the impact area corner points were
identified through visual inspection. By connectthg corner points with straight line segments,

the impact area was fully delineated. This procesdhistrated in Figure 4-4.
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Data related to 50 of the 360 simulated incidengsewdiscarded, because the resulting
impact area expanded beyond the study limits oflfbwenile roadway segment and two hour
study period. Thus, it was not possible to obta ¢orner points of the impact area associated
with these 50 incidents. The final sample size fremech scenario classification is provided in

Table 4-2.
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Table 4-2: Simulation scenario and sample sizedgression model calibration

Lane Blockage InC'?ﬁ?;lﬁ:;?tlon (Srﬁgﬁ;j \(/\?;?prﬂ)e Qualified sample size|
10 55 400-2300 20
65 400-2300 20
55 400-2200 19
Shoulder 20 65 400-2200 19
30 55 400-2000 17
65 400-2000 17
10 55 400-2200 19
65 400-2200 19
55 400-2000 17
1 lane blocked 20 65 200-2000 17
30 55 400-1900 16
65 400-1900 16
10 55 400-2100 18
65 400-2100 18
55 400-1800 15
2 lane blocked 20 65 200-1900 16
30 55 400-1600 13
65 400-1700 14

Table 4-3 gives the independent variables emplayikin the regression models and
provides the correlation matrix of incident duratiovolume, and average speed from the 310
samples. As the absolute correlation values betvieenndependent variables are low, it is
assumed for simplicity that these variables areowustated. Thus, ordinary least squares
regression modeling could be applied. Note thatdhe blockage status variables are treated as

binary variables.
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Table 4-3: Correlation matrix for independent aegehdent variables

Incident Volume Average Shoulder 1 lane 2 lanes
duration speed blocked blocked blocked
Incident duration 1
volume -0.134 1
Independent Average speed 0.045 -0.307 1
variables | gpouider blocked | 0.013 0.096 -0.033 1
1 lane blocked -0.068 -0.049 -0.054 -0.574 1
2 lanes blocked 0.060 -0.050 0.095 -0.459 -0.465 1
X 0.999 -0.126 0.047 0.009 -0.063 0.058
X3 0.760 0.296 -0.106 -0.109 -0.070 0.194
Dependent A 0.110 0.675 -0.219 -0.282 -0.026 0.333
variables
Xa 0.666 0.429 -0.095 -0.202 -0.056 0.279
Va 0.080 0.688 -0.228 -0.272 -0.022 0.318

Two ordinary least squares regression models wadierated for each corner point, one
associated with the x-coordinate and the other thighy-coordinate. Node 1 (in the impact area
polygon depicted in Figure 4-3c) of each incidempact area is shifted to (x,y)=(0,0). The
y-coordinate for Node 2 (from the figure) is zeraathus, only the x-coordinate of the second
node must be estimated. The estimation of the impeEa corner points by this method is

illustrated in Figure 4-5.

Space
F S

Sample

B Node 2 samples
B Node 3 samples
® Node 4 samples

comer point ordinary regression model

i SBSIF impact area regression model

Figure 4-5: Regression models of the SBSIF method
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Parameters associated with statistically signiticamdependent variables of the
regression models are summarized in Table 4-4. @elx-coordinates for Nodes 2, 3 and 4 and
the y-coordinates for Nodes 3 and 4 require estimabecause x1, yl and y2 are set to zero.
The goodness of fit indicators, R2 and adjusted &2 P-values, are also provided for each
regression model. The smaller the p-value, thetgreme’s confidence is in its significance. The
sign of all significant parameters, with the exdaaptof the constant terms, is positive, which is
consistent with expectations for the given indegend/ariables. Note that volume and number

of lanes blocked were not statistically significéattors in the regression model for x2 of Node

2. Thus, these factors were excluded when califdlie final x2 model.

Table 4-4: Multi-regression models of the SBSIF moelt

X2 X3 Y3 X4 Vs
Variable Coefficient Coefficient Coefficient Coefficient Coefficient
[P-value] [P-value] [P-value] [P-value] [P-value]
Constant 0.15968 -11.4352 -13.8086 -18.9505 -14.0318
(C) [.000] [.000] [.000] [.000] [.000]
Incident 0.99658 1.08343 0.170031 1.19827 0.152125
duration [.000] [.000] [.000] [.000] [.000]
Volume ] 8.90E-03 0.010055 0.01435 0.01061
[.000] [.000] [.000] [.000]
1 lane 2.39768 3.53768 5.06702 3.61839
blocked i [.001] [.000] [.000] [.000]
2 lanes 5.28852 7.43028 10.4489 7.50181
blocked i [.000] [.000] [.000] [.000]
R? 0.99873 0.775601 0.669801 0.811807 0.666523
Ad’gfted 0.99872 0.772658 0.665471 0.809339 0.66215

4.4 Assessment of the SBSIF M ethod

To assess both the proposed regression techniqupuitkly delineating the boundaries of the
traffic impact area of archived incidents and tesuiting ability of the larger SBSIF method to

identify secondary incidents, the SBSIF method @yiph regression for corner point
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identification was tested on archived incident datathe 10-mile segment of I-287 discussed in
Section 4.3.3 for a six month period in 2006 (Jaypdathrough June 30). Secondary incidents
identified through this SBSIF implementation wemanpared with those identified through the
alternative implementation of the SBSIF method evyiplg visual delineation of the impact

areas. These results were further compared witetbbcommonly used static filtering methods.

4.4.1 The Regression Technique for Corner Point | dentification

The proposed regression models for identifying ¢bener points of the incident impact area
were calibrated on a set of artificially createdigents with representative characteristics. To
assess the ability of the regression models totifglethe corner points of the incident impact
areas of incidents from data archives for a pddrciocation, contour maps of the incident
impact areas associated with archived incident ftatéghe 1-287 study roadway segment were
delineated. 693 incidents (for which the most catginformation was available) of the 1,303
archived incidents for this roadway segment andiystperiod were considered as potential
primary incidents. The 1,303 incidents were clasdifas either resulting from a collision or a
disabled vehicle. Only incidents involving a cabhis (630 of the 1,303 incidents) were
considered to be potential secondary incidents.

To create the contour maps, the 693 incidents thigir properties were replicated within
the CORSIM simulation platform employing a modekloéd 1-287 study roadway segment under
prevailing traffic conditions as estimated from 20@affic data. Note that no real-time traffic
data could be obtained for the study period in 200tus, average hourly traffic volumes were
computed by month and weekday for the same pendeD07 for use herein. Once the traffic

speed contour maps were created, the corner padietsch incident’s impact area were identified.
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It was assumed that visual inspection of the camtaaps, as illustrated in Figure 4-4 of Section
4.3.3, would yield the most accurate depictionhaf traffic impact areas and associated corner
points. Thus, visually identified corner points weaken as the truth. The corner points obtained
through the regression models were compared witbetlobtained through visual inspection and
differences were noted.

Plots of visually estimated (X,y)-coordinates againregression predicted
(x,y)-coordinates of the impact area polygon copwnts associated with the backward forming
shockwave (Node 3 in the impact area polygon degiot Figure 4-3c) and re-establishment of
pre-incident traffic conditions (Node 4) are praaddin Figure 4-3c. The closer each point in the
plot is to the diagonal, the closer the predictalli® is to the visually estimated value. Resulting
corner point coordinates from both visual idenéfion and regression modeling estimation are
given in Table 4-5 for a randomly selected samplencidents chosen from the incident data
archives (i.e. from the 693 incidents occurringnglol-287). Note that no samples with

zero-valued yor y, were included in the sample.
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Figure 4-6: Corner point prediction trend via resgien modeling

Table 4-5: Comparison of corner point coordinatereges

Visually Identified Corner Point Coordinates Reggien Model Predictions of Corner Point Coordinates

Corner Point

Incident Case X1 Y1 X2 Y2 X3 Yz X4 Ya| Xt Y1 X Y2 X3 Y3 Xa Vs
173 0 0 17 0 19 4 23 4 0 0 16 0 21 6 26 5
175 0 0 27 0 26 3 32 3 0 0 26 0 32 8 37 3
187 0 0 10 0 8 1 11 1 0 0 9 0 11 2 13
212 0 0 14 0 15 4 20 4 0 0 13 0 19 8 25 3
215 0 0 35 0 21 1 36 1 0 0 34 0 37 6 42 5
248 0 0 51 0 58 15 71 15 0 0 50 0 59 13 68 3
249 0 0 7 0 8 2 10 2 0 0 6 0 11 6 15

Note: %, y; and y are zero by definition.
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The results shown in Figure 4-6 suggest that tlopgeed regression models better
predict the temporal impact on traffic speeds ofdants than the spatial impact. Improved fit in
terms of the spatial impact might be achieved byetiging regression models specific to each
incident classification. Unlike predictions fromast threshold filtering techniques and the
dynamic progression curve approach of Chilukuri &nd (2006), results of Table 4-5 show that
the proposed SBSIF method identifies unique cgoooerts for incidents with different properties
and associated prevailing traffic conditions. Ressaf Table 4-5 also indicate that the regression
technique is more likely to slightly overestimate impact of an incident than to underestimate
it, but generally provides reasonable estimateseQgalibrated, this approach requires little

computational and data processing effort, on p#r thie simple static threshold methods.

4.4.2 Assessment of the SBSIF M ethod

By considering traffic dynamics, the proposed SB&kthod overcomes the deficiencies of the
static threshold filtering methods that have besppsed in the literature. These static methods
would identify an erroneous impact area and, tloeegfwould identify erroneous secondary
incidents (positive error) or would fail to idemntiincidents as secondary (negative error). An
example from the archived data to illustrate atpastype error is provided in Figure 4-7, where
the static method identifies an incident as secontteat would not be considered secondary if

one considers the impact area correctly.
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Figure 4-7: Secondary incident classification atistand dynamic methods

The impact area, as determined by both visual tigpe and regression models is
delineated in the figure. Incident cases 1204 &b Ivould be classified as secondary incidents
by the static threshold method using 15-minute 2undile thresholds as proposed by Zhan et al.,
(2008). Similarly, using the more conservative shiidd of 1-mile in conjunction with the
15-minute threshold as proposed by Raub (1997, imgident 1204 would be classified as a
secondary incident. Neither incident, however, appdo be a secondary incident when the
impact area of primary incident 494 is correctiysidered.

To assess the effectiveness of the proposed SB®tRooh employing regression for
impact area corner point delineation and ultimatentification of secondary incidents, the
SBSIF method was employed twice for the same 688émts considered in the prior subsection.
In one run of the method, the corner points frosual inspection were used and Step 1 of the
method was omitted. In the other run, the corna@mtpavere estimated by regression as indicated
in the SBSIF method description. Results of thisiparison, as well as a comparison with the

static threshold method, are provided in Table 4-6s assumed that those incidents falling
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within the boundaries established through visuspéttion are in fact secondary incidents. With

this assumption, the table includes the numbenptf positive and negative errors.

Table 4-6: Error comparison between SBSIF and atiethods

Filtering method
CORSIM SBSIF 15 minutes and 15 minutes ang
(Visual) (Regression) 1 mile 2 miles
Positive error - 3 17 23
Negative error - 0 0 0
cidents identited | 2% 27 - 47

Results given in Table 4-6 indicate that the regjoes implementation of the SBSIF
method significantly outperforms the static methotise SBSIF method identified 24 and 27
incidents as secondary incidents employing theavisnd regression methods for corner point
identification, respectively. In fact, with the ejtion of the three additional incidents identified
with the use of the regression models, these appesadentified the same set of 24 incidents as
secondary incidents. The additional three incidersge found within the boundary of the impact
area as delineated through the SBSIF method (Stequsd 2) with the use of the regression
models. The static methods identified as many &setthe incidents as secondary as compared
with those identified through visual inspection.athis, 70.8 and 95.8% error in terms of
secondary incident identification occurred for thsted implementations of the static threshold
filtering methods. By contrast, the error of theS3B method employing the regression models
was only 12.5%.

Similar results from the Haghani et al. (2006) teghe as compared to the proposed
SBSIF method are expected if small incrementsnoé tare employed in searching for secondary

incidents that fall within the impact area. Howeveuch a technique will require excessive
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computational effort as compared with the propdSB&IF method. If larger time increments are
employed, significant errors may occur. Whethenat the errors are of a negative or positive
variety depends on the implementation.

To employ the progression curve method proposedChilukuri and Sun (2006),
estimates of maximum queue lengths are requireateSio such data is available, this method
could not be tested. It is worth noting, too, thrataddition to the difficulties associated with
implementing their approach due to such data reqents, this method employs a single curve
for all incidents, regardless of the number of fatiet are blocked by the incident and prevailing
traffic conditions. Thus, it is likely that suchmaethod will result in significant positive and

negative errors in secondary incident identificatio

4.5 Summary

The proposed SBSIF methodology for efficiently de&ting the boundaries of the incident
impact area in a time-space contour map of tradfieeds and employing the outcome in
identifying secondary incidents from archived irent databases overcomes the deficiencies of
previously existing techniques. The method wasuatall on 693 primary incidents that arose
along a 10-mile segment of 1-287 in New York Statel 24 and 27 secondary incidents of 630
potential secondary incidents were identified emyiplp the visual and regression
implementations for corner point identification withe proposed method. Results of the
assessment indicated that a significantly greats of misclassification existed for the static
methods as compared with the regression implementat the proposed SBSIF method. In fact,
while the SBSIF method erroneously identified thire@dents as secondary, the more common

static methods erroneously identified as many as irR3dents as secondary incidents.
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Comparable findings in terms of erroneous secondalent identification rates by method
were obtained in additional analysis conducted terger sample, i.e. involving approximately
300 additional incidents, from the [-287 data areki The proposed methodology requires
comparable computational effort to the static meéth@utperforming existing dynamic methods
in this regard.

The advantages of the SBSIF method and its regressiplementation will be greatest
when applied on large data sets. The regressiorels\attveloped herein were calibrated on
representative data simulated on a model of thenid®-study segment of I-287. While these
models may have direct applicability to other roagisv with similar geometry and incident
characteristics, additional regression models woded to be calibrated for use in impact area
identification for roadways with different geometrilesign or significantly different incident
properties. To further refine the regression mqadadslitional factors, such as weather, might be
considered. The greater the explanatory power @fsdt of chosen independent variables, the
more accurate the models. However, the fewer tdependent variables required to obtain
reasonable estimates of the impact area cornerdspdhe less data required and the more
practical the models. Future extensions might asosider the incident impact on traffic

traveling in the opposite direction due to rubbekmag.
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Chapter 5: Time-Saving Techniquefor TIM Program

Evaluation

5.1 Problem Satement and Background

Non-recurrent congestion induced by traffic incitdeoontributes significantly to service level
deterioration of both freeways and arterials. Assmuence of unstable traffic conditions that
result from the primary incident is the occurren€secondary incidents. Because the occurrence
of traffic incidents on freeways and arterials mawoidable, many traffic incident management
(TIM) programs that seek to mitigate the impacteath incident have been widely employed
throughout the world. Examples of TIM programs uud: Freeway Service Patrol (FSP),
automatic incident detection, ramp metering, inetdsite management, Variable/Dynamic
Message Sign (VMS/DMS) advisory assistance, rouersion, and professional processing
accident scene programs. Such programs aim toatetigcident impact through quick response,
thereby shortening incident duration, or contraffic demand around the incident scene. FSP
programs, for example, dispatch patrol trucks alivegr designated beats to detect incidents and
assist motorists. Move-It programs encourage aniredirivers involved in a minor accident (i.e.
with no injuries) to remove vehicles involved icrash and associated debris out of the roadway
(Dunn and Latoski, 2003). These programs can legiated or stand alone.

As states grapple with significant budget deficitByl programs around the nation have
been the target of cuts. Thus, it has become oéasing importance to show that the benefits of
such existing or proposed programs to society Bogmtly outweigh their costs, as such
programs often require expensive equipment, pepmwerhead, maintenance and publicity.

Benefit analyses are used to quantify the sociakfits that are derived from improvements in
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mobility, safety, energy consumption, and environtakimpact that result from operating these
programs. For example, the benefits of several piS§ams across the nation in terms of travel
delay, fuel consumption, secondary incident andssimin pollution were estimated (Chang and
Shrestha, 2000; Chou et al., 2009; Latoski ett8B9; and Yang et al., 2007). To demonstrate the
benefits of controlling traffic demand around awcident by way of a VMS/DMS program in
Minnesota, improvements in travel time, total dedend safety that resulted from the program
were estimated (Huo and Levinson, 2006).

Many studies that seek to quantify the benefitsTidfi programs rely on microscopic
simulation techniques. Such simulation tools usefa®owing and lane-changing models to
replicate the decisions and movement trajectorfesidividual vehicles and their response to
other vehicles, incidents and geometric design (deg (1990) for addition detail). These
techniques offer the ability to model variability individual driver behavior, and thus, are more
flexible than alternative analytical approachesrétoer, the outcome is often easily understood
by experts, as well as the layperson. These stuthest often involve two sets of
simulation-based experiments and can be categoagzéodefore and after” or “with and without”
studies. “With and without studies” are employedevehno “before” program data is available.
Given an estimated (or assumed) savings in inciderdtion of x-minutes as a result of the TIM
program implementation, benefits are estimated frem sets of simulation runs: one in which
incidents with reported durations are simulated tedother in which the reported durations are
extended by x-minutes, replicating the situationerehthe TIM program has not been
implemented. The difference in performance meadoeéseen the two sets of runs provides an
estimate of savings due to the program. There amtcomings to either approach, e.g.

confounding factors that are difficult to accouat in “before and after” studies and a need to
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surmise what might have been in “with and withattidies.

Although simulation is a popular approach for castihg such benefit studies, it can be
quite time-consuming. Thus, several studies refidings based on simulation runs of only a
small portion of recorded incidents. For exampleshfi et al. replicated only a single incident in
evaluating the benefits of a dynamic route guidgrogram (Yoshii et al., 1995). Similarly, only
three incidents with different incident duratior®2( 26, and 33 minutes) were considered in a
series of ITS strategy evaluations involving loaald coordinated ramp metering (Chu et al.,
2004). In a study of the CHART FSP program in Mang, 120 incidents out of 1,997 were
simulated in estimating the program’s benefits (@hand Shrestha, 2000). Because the
estimated benefits can vary greatly with the sitmaancident properties, the findings may be
misleading.

To overcome the shortcomings of simulating onhele& portion of recorded incidents,
some studies replicate very large numbers of imtglevith a wide range of attributes. For
example, in analyzing the FIRST program in MinnasgMNDOT, 2004), hundreds of
representative incidents were simulated in PARAMITIse properties of the simulated incidents
were carefully defined (with durations between @ &® minutes and varying lane blockage
characteristics). These runs resulted in more @M000 output files requiring analysis. In
another study, 693 historical incidents with distimcident duration and severity level (by lane
blockage) arising along a freeway segment in Neuwk Ystate (all relevant incidents in the
historical database) were simulated using CORSIkVvaduate the H.E.L.P. program (Chou et al.,
2009). Proper simulation of hundreds of inciderfterorequires thousands of simulation runs.
For example, replication of the 693 historical demts in studying the benefits of the H.E.L.P.

program required 6,930 runs under a single assompdssociated with incident duration
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reduction resulting from the program. While simigdatof a large number of incidents with
varying properties will produce more accurate beneftimates, such studies can be quite
computationally burdensome, particularly when thenber of incidents is large as might be the
case where a program covers a wide study areaanearthat is densely populated.

The concept of employing randomly generated ind&léor the purpose of investigating
the benefits of a TIM program within a macroscaprulation platform was first introduced by
Latoski et al. (1999). Such random generation weguired in their study to overcome
deficiencies in the historical data set. This randgeneration approach was later expanded in Pal
and Sinha (2002) for use in a slightly differenhtext, where the goal was to evaluate various
strategies for deploying FSP trucks along roadwayBdiana. The incidents once generated
were fed into a mesoscopic simulation model thahlwaes microscopic modeling of the FSP
trucks with macroscopic models of general trafiffacroscopic models capture the relationships
between flow, speed and density characteristidsaffic flow, and (unlike microscopic models)
do not characterize individual vehicle movemenisc& the focus of their work was on the
evaluation of proposed deployment strategies amaheroscopic approach was employed for
traffic modeling, no experiments were conductedassess whether or not the number of
simulation runs could be reduced through the usaidh random incident generation. Moreover,
few details of the produced incident distributiomsre provided and only limited assessment of
these distributions in terms of how well they reserat historical data was completed.

In this chapter, the Property-Based Incident GeitargP-BIG) procedure is proposed
for designing a set of incident scenarios, withideat properties, from historical incident data
for use in conducting both “before and after” amidth and without” evaluation studies of

existing and proposed TIM programs. This technicpe be viewed as a variation on the random
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incident generation approach conceived in Pal andaS(2002). The P-BIG procedure ensures
that the carefully selected set of incident sc&sais representative of the historical incidentdat
set and simultaneously not overly large in numhb®gras to induce extensive computational
burden. This technique overcomes the deficiendigwior studies in which either too few, and
not necessarily representative, incidents wereigaeld to ensure valid results or too many
incidents were replicated, requiring enormous cditpnal effort and time for output synthesis.
Results of this work will benefit police and traffagencies, especially those in less wealthy
jurisdictions, charged with running incident managat programs. Procedures developed in this
work reduce the effort (and thus cost) for detemgrwhether such a program is worth its cost,

or alternatively, defending the program’s beneptsentially saving it from elimination.

5.2 M ethodology

A Three-Stage Time-Saving Analysis Process withesdbd P-BIG procedure for generating a
set of incidents with representative incident prapse is presented in this section. This technique
involves multiple steps, including incident durati@r traffic demand savings estimation,
empirically or theoretically derived incident prope probability distribution function fitting,
scenario generation through randomly generatingallset of incidents from the distributions,
simulation running, and results analysis.

In Stage 1 of the proposed Three-Stage Time-SaMradysis Process for TIM program
evaluation, incident and traffic data are collectud analyzed, critical incident property
distributions and incident duration savings duth®TIM program are estimated.

In Stage 2, with input from the incident propertgtdbutions constructed in Stage 1, a

pre-selected number of incidents are randomly @geeeér That is, for each generated incident, a
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set of incident properties pertaining to incideewexity, type, duration, time of occurrence, and
location is generated from the incident propertgtributions developed in Stage 1. It is
hypothesized that, if sufficient in number, theseidents will be representative of the historical
incidents and their properties, and likewise, wefilect, in correct proportion, the properties of
the historical data. The generated incidents aferrezl to as théase set, with durations
consistent with already implemented TIM programs.cémparison set is generated by
appropriately increasing incident duration for eaahident by the estimated average savings in
incident duration due to the TIM program as foundstage 1. Note that if a “before and after”
study is considered, rather than a “with and withstudy, the base set would contain incidents
with durations representative of those observetit (i.e. “before”) the implementation of the
TIM program and the durations associated with tiedents in the comparison set would be
reduced appropriately to model the expected savdngso the program (i.e. “after” the program
is implemented). In studying VMS/DMS programs, tves programs designed to control traffic
demand around an incident, incident durations arestant between the base and comparison
sets, and instead, properties associated with jirey&affic conditions are varied.

In Stage 3, all random incidents within the basé emmparison sets are simulated and
performance measures are computed. Essential reeasots for benefit evaluation are derived
from the difference of the pair of measurementmftbe base and comparison runs.

A flow chart of this Three-Stage Time-Saving AnayBrocess for benefit analyses of a
TIM program is given in Figure 5-1. Details of thgecific steps associated with this three-stage

process are provided in following subsections.
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BENEFIT EVALUATION OF TIM PROGRAM

Stage 1

Input Data:
Incident Data
Traffic Data
Geametric Design

Estimation of
Drstribution Analysis: Direct Savings
Incident Properties from TIM FProgram
& Traffic Volume

Henerats

Simulation Update Incident Sirmulation

Scenarios Sample Attributes M etwark
Construction
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Random Incidents Handom Incidents

Incident Simulation
# Measurement Computation
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Figure 5-1: The three-stage time-saving analysisgss for TIM program benefit evaluation
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The contributions of this work are derived from thistribution analysis of Stage 1 and

generation of simulation scenarios of Stage 2ttigdther comprise the P-BIG procedure.

5.2.1 Sage 1 - TheAnalysis Sage

To conduct a benefit study of a TIM program, inciddata, traffic data, and geometric design
associated with the study area must be collectede @he data are obtained, two main tasks
must be conducted in this first stage: 1) estindittect savings, including reduction in incident
duration and/or travel demand, that result fromlengentation of the TIM program and 2) fit
incident property probability distributions. Theretit savings in incident duration can be
estimated by comparing two groups of incident dats: “with and without” or “before and
after”. For example, many FSP program evaluatiodude “with and without” analyses to
estimate average reduction in incident duration tbsults from implementation of the program.
Chou et al. (2009) analyzed a total of 5,508 inaide¢o which either an FSP personnel or trooper
responded. They found that the FSP program saveaverage 19 and 20 minutes in incident
duration for incidents involving disabled vehiclesd collisions, respectively. In addition,
reduction in travel demand can be derived from daetereports before and after the
implementation of a TIM program aimed at reducirgffic demand around an incident. For
instance, Huo and Levinson (2006) compared thectigteutput for a VMS study and found that
approximately 13 to 15% of travel demand could iverted.

The second task of the analysis stage is to fitoaability distribution function for each
of the incident property characteristics. Thesefioms are used in generating random incidents
and provide an approximation to the historical dafhere are several steps for fitting
distributions of a sample of incidents with suffict data points. First, the histogram of incident

distributions must be drawn. Certain theoreticatridiution functions can be used to fit the shape
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of the histogram. Specifically, theoretical distilons of exponential, Weibull, log-logistic,
gamma and lognormal can be used for fitting indiddaration distributions (Nam and
Mannering, 2000). Once the theoretical distribui®chosen, the parameters associated with the
distributions must be estimated. The maximum Ili@dd estimation method is employed herein

for this purpose. For example, the paramejey,of an exponential distribution, exf(, can be

estimated from the sample mean. Finally, the goegloéfit for a chosen distribution can be tested
by computing the chi-square statistic of theorétarad observed frequencies for chosen bins.
When no theoretical distribution function is fouta match the shape of the histogram, a

continuous empirical distribution can be used asvshin Equation (5-1) (Law and Kelton, 2000).

0, if X< Xg;
O X~ X if X, <X< Xy, for i=12..,n-1;
n-1 (N-(Xg.p - X))’ “- D I (®-1)
1 if X, <X,
where
x : xe{X;}, j=12,...n incident duration samples;
Xq o ith smallestincident duration samplesl1,2,...n;

F(X) : cumulative distribution function of variable .

5.2.2 Sage 2 - Incident Generation

A preselected number of incidents must be randayaherated. The P-BIG procedure proposed
for this purpose is outlined in Figure 5-2. Incitlencurrence is assumed to have a nonstationary
Poisson distribution, where incident rates os@llatween high and low frequencies throughout
the day. The process proposed herein generatedemsi for 24 hours per day. A thinning
algorithm that rejects or accepts generated randmmates based on time-of-day is employed to

produce incidents for select time periods as desdrin (Lewis and Shedler, 1979).
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Procedure P-BIG

Step 0:i=1;t, , = O
Step 1: Create incident; with propertieg; I ,m ,d;,Vi,S .l .6,V ; t
Step 2: GeneratéJ, and U, as independent identically distributédl (01) .
Step 3: Replace; by t —(@1/4 x24x P)InU,; T=t; / 60.
Step 4: IfU, < A(T)/1:

Step 4-1: Return time property, ;

Step 4-2: Generate location property;,

Step 4-3: Generate incident occurrence month prgpen ;

Step 4-4: Generate incident direction properdy;

Step 4-5: Generate incident type properyy;

Step 4-6: Generate severity propersy, conditioned on incident type;

Step 4-7: Generate responding unit propertgonditioned on incident type;

Step 4-8: Generate incident duration propergesonditioned on incident type, lane

blockage and responding unit;
Step 4-9: Assign traffic volumey, , to incident based on incident properties anditraf
data;
else return to Step 1.
Step 5: If t <1440, i =i +1, and return to Step 1; otherwise, stop. The prnaeeterminates.

=t

Notation employed:

li ' incident samplei ; ieZ*, an integer number for incident sample;
t : incident occurrence time (in minutes from midnigh®)<t <1440;

mile marker, 0<| < L ,whereL is the highest mile marker value;

m month, me{1,2,.. M}, whereM is the number of months of data;
d direction, d e{E, W, S, N};
y incident type, y €{1,2,...Y}, with Y classes of incident type (e.g.
collision or disabled vehicle);
S incident severity level,s €{1,2,.. §, with Sclasses of severity level;
; responding unit,r €{1,2,..R}, with Rtypes of responding units (e.g.
trooper);
€ : incident duration,e>0;
v traffic volume; ve Z*;
adjustment factor for controlling number of inciteto be generated,
P o<psa;
A(T) : hourly incident rate at the" hour,T=(0,1,2...23);
A maximum hourly rate} = max{Ai(T )}

Figure 5-2: Property-Based Incident Generation [B)}procedure
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To apply this procedure, hourly incident rate¥T), T =(0,1,2,...23), must be computed
based on the incident samples. In Step 1,ifoa positive integer, a random incideht ) will be
assigned with initial occurrence time, ), together with properties: locatior,, month of
occurrence in ), direction (d, ), incident type §, ), severity level by lane blockags, |, type of
responding uniti ), incident duration € ) and prevailing hourly traffic volumev().

In Step 2, two uniformly distributed random vargatee generated. In Step 3, the time of

incident occurrence is updated by employing thst fiandom variatel;) and the maximum

hourly incident rate £ ) within the Poisson distribution. Note tHat0< P < 1, is an adjustment
factor to control the number of incidents to beagated. The smaller the valueRfthe fewer
incidents generated and the fewer the number afilaiton runs required. By settirigj= 1, the
number of randomly generated incidents will be appnately equal to the number in the
historical incident set. While the accuracy of msiies generated from results of the runs will be
improved the greater the number of incidents camed, one must trade-off accuracy with
computational effort.

Finally, in Step 4, the generated incident is atee|if the second random variatd ) is

less than the ratio of its associated hourly intidate to the maximum rate}(T)/ A . Once an

incident is accepted, the incident duration is (Step 4-1). Additional incident properties of
incident location, month, direction, type, incideetverity, responding unit and incident duration
are generated in Steps 4-2 to 4-8. The procedureradting incidents is repeated until a
termination criterion based on a boundtas met. As structured, incidents are generated ave
24 hour period, i.e. if t > 1440, the proceduremi@ates. If the incident is rejected, no incident

properties are generated and the procedure staatsabStep 1.
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Location, type, month and direction associated wahh created incident can be directly
generated from the appropriate distributions. lectcdduration depends on incident type, severity
and responding unit. Thus, a conditional distritis used for generating incident duration
once these properties are known (i.e. Steps 4dudgfr 4-7). Likewise, severity and responding
unit depend on incident type; thus, conditionatrisitions conditioned on lane type set in Step
4-5 are employed. This interdependence existeXample, in the study of FSP programs, where
FSP personnel respond to more disabled vehicldents than accidents. A final property, traffic
volume,v, is assigned to each incident (Step 4-9). To nthlseassignment, incident properties
of time, location and direction are used to detaamihe associated traffic volume based on
historical traffic data. The user can filter anytmmn of the generated incidents, such as those
occurring only during peak hours and/or only witbgram involvement.

Note that the procedure proposed herein consiterdistributions of the most important
properties for reporting incidents in most databasereater or fewer properties might be
available for consideration, depending on the detalused or data collected. The procedure for

generating the attributes might be revised accghdito fit the specific database.

5.2.3 Sage 3- Smulation and Sandardization of M easurement of

Effectivenessfor Comparison

Once the incidents are generated, they can be gatpio any simulation model for estimating
performance measures. Many commercial microscapmlation tools, including CORSIM,

VISSIM, and PARAMICS, have the feature of modelingridents. Several performance
measures, such as travel delay, fuel consumptiod, pollution, are computed from vehicle

trajectories of the simulated vehicles recordedaoh simulation run. The CORSIM microscopic
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simulation platform is employed in this study. Ankét of the platform is that incident factors,
including onset, clearance, duration, lane closaapacity reduction caused by rubbernecking
effect and warning sign/flair, are readily modeled any prevailing traffic condition. With
respect to modeling traffic incidents, this platfois considered to be more efficient than other
microscopic simulation packages (Pulugurtha et2802). Details of the processes required for
replicating incidents within the CORSIM simulatigitatform, including the setting of key
parameters, are provided in Chou et al. (2009).

To quantify the benefits of a TIM program, eachideat must be replicated twice using
different incident properties. The first run usesgerties from thdase set, while the second run
uses properties from the compariseh Suppose, for example, that a TIM program is esteah
to save on average 10 minutes in incident duratizen the only difference between these two
runs would be the length of incident duration. Agident in the base set with duration of 13
minutes would incur 23 minutes when consideredas @f the comparison set. By evaluating
the impact of the additional incident duration irred as a result of an incident on average delay,
fuel consumption and other measures of importaimcthé comparison set) in comparison to the
corresponding base set incident impact, one camast the benefit of the program savings for
the given incident. By summing the benefits ofsdlldied incident pairings (i.e. from base and

comparison sets), the total benefits of a TIM paogrcan be estimated. The average daily
benefits in terms of savings achieved through iidiuration reductionB, , over a period,D,

can be computed as in Equation (5-2).

§d=ZBd/n=(Z

deD iel

P - R"\j/n, (5-2),

where
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D : setof days, d, for which incidents are simulated,;
By : benefits achieved through incident duration redunctin dayd;

n : number of days for running a prograns|D|;

R® : performance measure for incidésimulated from comparison set;

Plb . performance measure for incidesimulated from base set;

| : set of simulated incidents,

As designed, the proposed three-stage procesdNbpigram benefit evaluation uses a
limited set of incidents whose properties approxentnose of the entire historical data set.
Savings in computational effort achieved througle troposed method for determining a
reduced, but representative, set of incidentsifoulation increases with increasing study period

length.

5.3 Numerical Experiments and Case Study

To assess the proposed Three-Stage Time-Savinggsdrocess for TIM program evaluation,
the methodology is tested using data collected avg@x-month period (January to June of 2006)
for the purpose of evaluating the Highway Emergehogal Patrol (H.E.L.P.) (i.e. a TIM)
program in New York State. The H.E.L.P. programsrgarvice patrol vehicles that provide free
services, such as changing a tire, supplying alsmabunt of gasoline, jump starting a battery,
pushing a vehicle out of the main lanes and off ftleeway, or providing minor mechanical
assistance for disabled vehicles. In the case afcaident requiring police or other emergency
personnel presence, the H.E.L.P. vehicle driver aahfor help and can assist in redirecting
traffic around the incident. The H.E.L.P. prograyoperated along several freeway segments in

New York State during the morning (6:00-10:00 a.am)l evening (3:00-7:00 p.m.) peak hours.
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To assess the proposed methodology in terms ofapsbility of estimating the program’s
benefits using only a reduced set of representatisielents, program benefits as estimated by
the proposed procedure are compared with progranefite estimated by replicating all
incidents occurring in the six month period. Tweéssaf runs of the proposed methodology were
conducted, the first employing approximately 1/b2 number of historical incidents and the
second employing 1/6 the number of historical ienoig. These two sets of runs were designed to
determine a lower bound on the number of inciddht® must be replicated to create a
representative set of incidents for procedural emmntation. Accuracy of results was also

examined with randomly chosen subsets of histonzadlents.

5.3.1 Data Details and Distribution Estimation

Six-months of incident data along a 10-mile stred€h-287, one of the roadways along which
the H.E.L.P. program operates, were collectedHisr study. This roadway segment is located in
Westchester County, New York, a New York City sutburhe archived incident data consists of
1,303 incidents, 968 of which occurred during th&.H.P. program operational hours. Incident
logs describing various properties, including diéfg stages of incident timestamps (start, end,
dispatched and arrival times), incident type (disdlyehicle or collision), severity level (humber
of lanes blocked), direction (east or west), argpoading unit (H.E.L.P., Trooper or both), are
recorded in the database. H.E.L.P. truck drivespoaded to 693 of the 1,303 incidents. The
average reduction in incident duration due to thplementation of the H.E.L.P. program was
estimated at 19 and 20 minutes for incidents inwglvdisabled vehicles and collisions,
respectively (Chou et al., 2009). A synopsis of gl incidents and traffic data is given in this

subsection. Properties of incident distributionsl aasults of fitting distributions of incident
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duration are also shown. Findings from statistazalysis of incident distribution functions were

used as input for the P-BIG procedure.

5.3.1.1 Six-Month Incident Property Distributions

Time-of-day dynamics and the spatial distributidribee 1,303 incidents were analyzed. Higher
incident frequencies were observed during the mgrand evening peak hours as shown in
Figure 5-3. Incidents occurring during the peak and-peak hours represent 74% and 26% of
all incidents, respectively. It was presumed thatfic flow patterns varied at different times of
day, day of month, and location. While the tratfeta were not available during the study period
(the first half of 2006), average data from thetfinalf of 2007 along the same study roadway
segment were available. These data were collected foop detectors (a traffic surveillance
system which records vehicle speed, count and ecxypby measuring change of magnetic
field of the detector when a vehicle passes thrpagjthocations depicted in Figure 5-4. Traffic
volume distributions at each of the detector |laretifor the 2007 traffic data are shown in
Figure 5-5. It was assumed that traffic patterng $ienilar distributions in 2006 as observed in

2007.
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Incident Distribution by Time-of-Day

Incident Distribution by Location
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Figure 5-5: Time and space dynamics of traffic diséributions
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The studied incidents were classified into two gatees: disabled vehicles and incidents
involving collision (i.e. accidents). During theudy period, there were 679 (52%) incidents
involving disabled vehicles and 624 (48%) incidantolving collision reported. The number of
lanes blocked by each incident was recorded. Tleatgr the number of lanes blocked, the
greater the impact on traffic conditions and theemsevere the incident was assumed to be. For
the disabled vehicle group of incidents, 91.4% kéakc the shoulder. The remaining 8.6%
blocked one main lane. For the incidents involvaadjision, the shoulder, one lane, two lanes

and three lanes were blocked 72.7%, 23.5%, 3.49%0d0d of the time, respectively, as depicted

in Figure 5-6.
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Figure 5-6: Incident distributions by type and ldmeckage

5.3.1.2 Probability of Responding Unit Type

The H.E.L.P. program, like most FSP programs, sighed to assist motorists with disabled
vehicles and in collisions involving property darmaagnly. In events involving more severe
collisions, i.e. involving injury or fatality, thEl.E.L.P. program is designed to provide necessary
assistance for the police or direct upstream {neoming) traffic safely around the incident

scene. Thus, the incidents were classified int&"HP. only,” “Trooper only” and “both H.E.L.P.
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and Trooper” categories according to their respamdinit properties. Only the 917 incidents
arising during the H.E.L.P. program operational rsowere considered in estimating the
probability distribution function of the respondingit type. Incidents classified as “both H.E.L.P.
and Trooper” (51 total) were excluded, because nformation was available that indicated
which responding unit detected the incident fifstble 5-1 shows the incident types and number
of incidents to which either the H.E.L.P. truckwénis or the troopers responded. As indicated in
the figure, the H.E.L.P. truck drivers assisted 86f4he disabled vehicles and 24% of the
incidents involving collision during the peak houBy contrast, the troopers handled 11% and
76% of the disabled vehicle incidents and incidentglving collision, respectively. This
information is used in Step 4-7 of the P-BIG pragedprovided in Figure 5-2 to compute the

probability that the H.E.L.P. program was involved specific incident during peak hours.

Table 5-1: Incident response rates

Collision Disabled vehicle
H.E.L.P. only 78 (24%) 524 (89%)
Trooper only 248 (76%) 67 (11%)
Total 326 591

5.3.1.3 Incident Duration Distribution for “with H.E.L.P.” Incidents

After an incident is generated with its propertesd responding unit type in the P-BIG
procedure, the incident duration must be specifisgtause this duration depends on incident
type, severity and responding unit class, condatigmobability distributions of incident duration
must be developed. For the purposes of the cadg, siicident durations are only required for
those incidents in which the H.E.L.P. program wasived. Thus, all conditional distributions

developed in this subsection are conditioned onlHFEprogram response.
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In estimating these distributions, it was foundtthar three of five severity and incident
type classifications, the exponential distributtmtter fits the incident duration distribution than
other theoretical distributions, including the logmal and Weibull distributions, as determined
using the Best-Fit software product (Palisade Caoan, 2002). The fact that the H.E.L.P.
program reported to the database many incidentshoft duration may explain why the
exponential distribution provides a better fit. Tiesults are shown in Figure 5-7. Two incident
categories, collisions with one and two lanes bdogkare fitted with continuous empirical

distributions because no theoretical distributiasound with good fit.
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Figure 5-7: Fitting incident duration distributionsing Best Fit

To estimate the parameters of the exponentialiloligions, the maximum likelihood
estimation technique was applied, the results athwviare shown in Table 5-2. The chi-square

test was applied to test the goodness of fit ofrédseilting distributions. It is noted that of the
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three classes with presumed exponential distributmnly the distribution associated with
accidents blocking the shoulder pass this testnaisgua 90% confidence level (i.e. with type |
error probability « = 0.10). While incident duration distributions fancidents involving
disabled vehicles did not pass the chi-square thst,exponential distribution was deemed
suitable based on results as displayed in Figufeabe the fact that no more suitable theoretical

distribution could be identified.

Table 5-2: Results of incident distribution fittingarameter estimation, and goodness test

incident Class Sa_mp|e . Fit_ting_ Estimated Ch;—square tezst result
size Distribution Parameter (x "~ value, ¥, 09,1
Disabled vehicle with 507 Exponential 961 (sec) Fails
shoulder blocked (48.02, 29.62, n=22)
Disabled vehicle with 52 Exponential 962 (sec) Fails
one lane blocked (16.18, 13.36, n=9)
Accident with shoulder 52 Exponential 1603 (sec) Passes
blocked (11.342,13.36, n=9)
Accident with one lane 26 Empirical N/A N/A
blocked
Accident with two lanes 4 Empirical N/A N/A
blocked

Note: “n” is the bin number used for fitting thesttibutions and chi-square test

5.3.2 Evaluating the P-BI G Procedure

Resulting incident properties from exercising th8IB& procedure are compared with those of
the historical incidents. The following settings relreemployed within runs of the P-BIG
procedure.Y=2 (i.e. ye {1(disabled vehicle), 2(collision)}),M=6, d e {E,W}, S=3 (i.e.
s e{1(shoulder blocked), 2(1 lane blocked), 3(2 labéscked)}), R=2 (i.e. r e{1(by H.E.L.P.
personnel), 2(by trooper)}) arfek:1.

Properties of historical incidents were compareth\ose of a comparable number of
incidents generated by the P-BIG procedure foptimpose of evaluating how representative the

generated incidents are of the historical incidehte proposed procedure was applied using a
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set of randomly chosen seeds (fixing the startiootp for the sequence of random numbers
used in generating random events), fitted distiiimst with parameters, and adjustment fad®or,
equal to one. Hourly incident rates across diffefeurs of a day were computed. A maximum
hourly incident rate of 0.126 was noted to ariseingduthe 8:00 to 9:00 a.m. hour. The
comparison between the sample (i.e. incidents ge&brby the proposed technique) and
historical data of incident rates is depicted igufe 5-8. As shown in Figure 5-8, the resulting
incident set maintains an incident occurrence aatédistribution over the day that well matches

that of the historical data set.
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Figure 5-8: Historical and random incident rategiine of day

The percentage of incidents to which different simésponded in both historical and
random incident sets is given in Table 5-3. It t@nseen that the percentage of incidents to
which the H.E.L.P. truck drivers and troopers resjgnl are nearly identical for both the

historical and sample data sets for both accidedtdgsabled vehicle classes.

106



Table 5-3: Comparison of incident frequency perages by responding unit
Accident Disabled vehicle

Historical | Sample | Historical | Sample
H.E.L.P only 24% 27% 89% 89%
Trooper only 76% 73% 11% 11%

By inspecting the responding unit property of ttemple incident set, 688 random
incidents (and 693 historical incidents) were idfied as having program involvement. Incident
duration distributions at 10-minute intervals foese two groups were investigated as depicted
in Figure 5-9. A similar pattern for incident ducat is depicted between these two data sets.
Likewise, a good match between data sets is ndted eonditioning on incident type and
severity level (i.e. number of lanes blocked) aswahin Tables 5-4 and 5-5 for one of the test

sets completed for a given seed.
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Figure 5-9: Comparison of incident duration digitibn at 10-minute intervals

In Table 5-4, the incident durations are companedbident type. The average durations
for incidents involving disabled vehicles are apjpmmately 16 and 18 minutes for the historical
and sample data sets, respectively. For incident®hing accidents, the durations are

approximately 29 and 27 minutes, respectively. ity the values of average incident duration,
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but also the reported frequencies and standardtii@vs of the historical and random incident

sets, are similar. Resulting severity levels amamgared in Table 5-5. The average duration for
incidents with shoulder, one-lane and two-lane kdge ranges from nearly 18 to 36 minutes and
20 to 36 minutes for the historical and sampledant sets, respectively. The frequencies and

standard deviations in this table are also similar.

Table 5-4: Comparison of incident duration by imcititype (minutes)

Historical Sample
Freqg. Avg. Stdev. Freqg. Avg. Stdev.
Disabled Vehicle 561 16.1 18.8 533 18.1 15.6
Accident 133 28.7 21.7 155 26.8 22.7
Total 693 18.5 20.0 688 20.0 17.8

Table 5-5: Comparison of incident duration by sagyédevel (minutes)

Historical Sample
Lane closed Freq. Avg. Stdev. Freq. Avg. Stdev.
Shoulder 601 17.8 19.8 600 19.6 18.0
1 lane blocked 86 22.1 21.0 84 22.0 16.6
2 lanes blocked 6 36.1 13.8 4 35.9 13.4
Total 693 18.5 20.0 688 20.0 17.8

Results of this comparison, thus, indicate that piheposed methodology generates
random incidents with historical incident propedigtributions comparable to that of the original

historical data.
In the next subsection, simulation results for wagyincident sample sizes are compared

with results from runs involving all historical idents to show that a significant reduction in
sample size can produce comparable results toamdl historical incidents when the proposed

P-BIG procedure is employed to generate the setcafents for sample runs.

5.3.3 Comparison of Simulation Results

The Three-Stage Time-Saving Analysis Process wpkedpto study the impact on travel delay

108



of the 693 incidents arising over the six-monthdgtperiod along the 10-mile stretch of 1-287.
Simulation runs to estimate impact on travel dedsre conducted. Specifically, a CORSIM
simulation model of the freeway segment with theeees and one shoulder developed in Chou
et al. (2009) was employed. In the previous submecit was shown that fdP=1, the P-BIG
procedure produces incidents with similar charsties to the historical data; hence, one can
expect comparable findings in terms of program regiin travel delay if one simulates the
random incidents in place of the historical inciderComputational effort, however, will not be
reduced. In this subsection, the impact of testirsgnaller number of incidents (generated by the
proposed P-BIG procedure) as compared with the sumibhistorical incidents is assessed.

This study first simulated all 693 historical inerds to which the H.E.L.P. program
responded (i.e. thiease set) in the CORSIM model. Given an estimation of 20xate savings in
incident duration due to the program, all incidentse simulated a second time with durations
lengthened by 20 minutes (i.e. tbemparison set). All other factors were assumed to remain
constant. Thus, any change in performance is duthdoadditional delay that results as a
consequence of TIM program absence. Five simulatiots for each incident, each with a
different seed value, as suggested by Yang et2807) in considering simulation output
variability, were conducted. A total of 6,930 repliions were, thus, completed. Results of these
runs show that an average of 96.4 (or 385.1-28&1)cle-hours of travel delay per day were
saved due to the H.E.L.P. program. This value rssiciered to be “true” and is compared with
the results from simulating smaller incident datts generated by the P-BIG procedure.

Two incident data sets were generated using thelGP-8chnique, the first with
approximately 1/8 (P=1/6) and the second with 1IELZP:1/12) the number of incidents as

compared with the historical data set. Note thaPfdl/6 the number of incidents generated for the
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simulation is commensurate with the number of wagkdn a month. Simulation runs of both data
sets were conducted, requiring approximately 1¢61dh2" the computational effort, respectively.

For P=1/6, approximately 120 random incidents were gaeer and replicated. 120
replications were completed and savings in avedagg travel delay were estimated. To ensure
that the results were not specific to any randogeyerated set of 120 incidents, the same
procedure was repeated 10 times with 10 randombgerh sample sets and the average daily
travel delay savings of the H.E.L.P. program westtneated for each of the 10 sets of runs. A
confidence interval was constructed using the Sttglé-distribution. The performance among
these 10 samples shows a 95% confidence intervaleba 79.9 and 121.3 vehicle-hours of
average daily travel delay savings, with an averdgdy travel delay savings of 100.6
vehicle-hours due to the H.E.L.P. program. Note tha “true” value of 96.4 vehicle-hours falls
within the confidence interval. Additionally, thetemated average daily travel delay savings (of
100.6 vehicle-hours) is less than 5% higher thart‘ttue” average daily travel delay savings (of
96.4 vehicle-hours).

This experiment was repeated with1/12. The 95% confidence interval was constructed,
resulting in an interval between 45.4 and 110.6alethours, with 78.0 vehicle-hours of average
daily travel delay savings. Although the “true” walof 96.4 is also covered within the 95%
confidence interval, the average daily travel dedayings (of 78.0 vehicle-hours) is 19% lower
than the “true” value (of 96.4 vehicle-hours). Tiesults are displayed in Figure 5-10. These
results indicate thd®=1/6 provides representative incidents and comparaisults, while this is

not the case faP=1/12.
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Figure 5-10: Confidence intervals of simulationuies

To further assess the P-BIG procedure, results @nmg the procedure are compared
with results gained from simulation of a randomlyosen subset of historical incidents.
Specifically, 120 incidents were randomly seledredn the 693 historical incident data set and
simulation runs of each incident were conductedl (e@peated five times for five seed values)
for both base and comparison sets. Again, a 20 tmiawverage savings in incident duration due
to the H.E.L.P. program was assumed. This process repeated 10 times and average daily
travel delay savings were estimated. The performamong these 10 samples show a 95%
confidence interval between 58.9 and 107.7 veliolgrs of average daily travel delay savings,
with mean 83.3 vehicle-hours, due to the H.E.LrBgmm. Note that the “true” value of 96.4
vehicle-hours still falls within the confidence emtal. However, the estimated average daily
travel delay savings (of 83.3 vehicle-hours) isragpnately 14% lower than the “true” average
daily travel delay savings (of 96.4 vehicle-hour8dditionally, the confidence interval is
significantly wider than the results from the P-Blf8ocedure as depicted in Figure 5-11,
indicating greater likelihood that the random pohae will provide an erroneous estimate as

compared with the P-BIG procedure. In fact, thedcan procedure results (for 120 incidents) are
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similar to those of the P-BIG procedure when omlgraximately 60 incidents are considered. To
obtain estimates with a confidence interval of Widomparable to that of the P-BIG procedure,
nearly 300 incidents would need to be randomly ctete as determined in additional

experiments. Thus, one can conclude that the P{Btedure is beneficial and outperforms
simple random incident selection approaches. TG procedure is estimated to save over
100%, perhaps as great as 150%, in terms of théauaif runs that would be required to obtain

equally good estimates if incidents are simply eno®r replication at random.
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Figure 5-11: Comparison of confidence interval hsswith and without the P-BIG procedure

54 Temporal Variability and Implications for Reducing Data

Requirements

Data collection and preparation for studies of &l program can be quite onerous, regardless of
the evaluation methodology used. It was conceihatl it might be possible to reduce, not only

computational effort required for replication, baiso data collection and statistical analyses
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efforts required for incident property probabilityistribution fitting and program savings
estimation. In fact, a range of time periods (frome month (Yang et al., 2007) to 19 months
(Latoski et al., 1999)) for data collection werdetbin relevant studies. Thus, it was hoped that
one could employ data from only a short time petmdit the incident occurrence and property
distribution functions required in the P-BIG prouesl For example, if the incident data show no
statistical difference from month to month, thenaahbitrary one-month period can be picked to
represent important properties of the entire intidiata set. Additional experiments using the
data collected for evaluation of the H.E.L.P. paygras discussed previously were run to assess
the viability of employing a reduced data set img@ating the distributions employed by the
P-BIG procedure. In this section, incident duratdistributions across different months are
presented and statistically analyzed to determihetmer or not one month of data collection
effort could suffice in developing the distributibmctions required by the P-BIG procedure.
Incident properties across the six month studyoplenere considered. Table 5-6 provides
a summary of incident duration by incident seveartyl type for each month in the study period.
It can be seen from this table that incident doratiaried significantly across different months
for some incident categories. For example, the ageerduration of incidents involving an
accident with two lanes blocked ranged from nea8yminutes in April to 56 minutes in June. In
addition, there were no such incidents observethituary. Thus, incident data from one month
may not adequately represent incident propertiestfeer months of the year. Additional study is

required to confirm that the variability is seaddananature and not random.
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Table 5-6: Performance of incident duration fofatént classes

Month Total/
Incident Class Jan. Feb. Mar. Apr. May Jun. Average
Disabled vehicle wit Freq: 95 65 77 49 101 126 513
shoulder blocked Mean (min): 13.0 16.5 14.2 13.8 20.4 172 216.
Stdev (min): 11.8 26.9 14.9 10.6 23.8 17)3 .618
: . .. |Freq: 0 27 8 6 3 4 48
D'Satl’;i‘ﬁgﬁg d""'th Mean (min):| - 125 | 182| 131] 138 250 16.0
Stdev (min): - 24.3 20.6 11.8 11.7 20.2 15.6
. : Freq: 17 12 8 6 23 21 87
Acc'de’t‘)tlc‘)’:’:'liz dSh"“'d Mean (min):| 27.0 | 30.9| 204] 322 235 308 327.
Stdev (min): 18.9 46.6 18.8 15.3 15.y 219 .024
: . Freq: 2 11 12 4 5 5 39
Acc'dirl‘;(‘:’lv('éz Llane|y can (min):|  56.0 | 23.6| 332| 288 224 4455 231.
Stdev (min): 15.8 11.6 17.6 20.9 11.9 119 .816
. . Freq: 0 1 2 1 1 1 6
Acc'det:}gxﬁg‘ d2 lanesyiean (miny: | - 347 | 347| 179 384 557 36.1
Stdev (min): - 0 14.8 0 0 0 13.8

A series of Kruskal-Wallis (K-W) statistical testeere applied to test the null hypothesis
that each month of incidents comes from the sanpelption (i.e. they have equal populations).
The hypothesis is rejected if the K-W H statisticsignificant at a test level of 0.05, where the
K-W H statistic is computed through Equation (5-8suming that the H statistic follows a
chi-square distribution (Kruskal and Wallis, 1952he SPSS statistical software package
(Huizingh, 2007) was employed to conduct the K-\tistical tests, usingk =6, results from
which are summarized in Table 5-7. The hypothe$igqual population was rejected when
disabled vehicles blocking the shoulder are comsdtleThis class of incidents is the largest class,
involving 74% of all incidents reported in the datdlected to study the benefits of the H.E.L.P.
program. Thus, using only one month of incidentadatly not adequately represent conditions
over a longer period. Note that the sample sizeeunther incident categories may not be large

enough to make a solid conclusion about the safiicy of employing only one month of data.
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H = ! bl 3 n + 1 y 5'3 y
n(n+1) ,Zzl“ n, (n+3 (5-3)
where
H : statistic with chi-square distribution witk —1degrees of freedom;
nj : number of incidents in month i =(12,.K); n=m+ny+...+ny;
k number of months considered,
W, . sum ofranked values for each incident sample in month
Table 5-7: K-W test results of incident duratiostdbutions for different classes
Incident Class K-W statistics (chi-square value, P valy Test result (90%)
Disabled vehicle with shoulder blocked (16.365, 0.006) Reject
Disabled vehicle with 1 lane blocked (5.615, 0.23) Cannot rejgct
Accident with shoulder blocked (4.059, 0.541) Cannot reject
Accident with 1 lane blocked (10.481, 0.063) Cannot reject

Additional experiments were run to assess averadly travel delay savings when
replicating all historical data for each month gepaly. The results for each month are compared
with the “true” value of 96.4 vehicle-hours of aage daily travel delay estimated from runs

replicating all six months of historical incidenBesults of these experiments are given in Table

5-8.
Table 5-8: Simulation results by simulating montinlgident data separately
Month Jan. Feb. Mar. Apr. May Jun. Total

Number of incidents 115 116 107 67 133 156 693
Number of weekdays 20 19 23 20 22 22 126
Total travel delay 336.0 2,196.6| 4,460.7 | 1,896.3 | 1,011.2 | 2,245.3 | 12,146.0
(vehicle-hours)
Average daily travel 16.8 115.6 193.9 94.8 46.0 102.1 96.4
delay (vehicle-hours)

The results indicate that there is great variapilit travel delay savings, ranging from
nearly 17 to 194 vehicle-hours saved per day wlarsidering each month separately. Thus,

there is a high risk of over- or under-estimating program’s performance with only one month
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of data. A longer study period is suggested to amspte for short-term variation in incident
properties. Such variability may be of more or Ieigmificance in other parts of the country. This
issue of seasonal variation must be considered velpgtying any TIM program evaluation

methodology on a limited data set.

5.5 Summary

The Three-Stage Time-Saving Analysis Process witbeslded Property-Based Incident
Generation (P-BIG) procedure was developed for ins&IM program evaluation in which
simulation is applied to assess travel delay savifige procedure overcomes the drawbacks of
approaches applied in existing studies of suchrarog. For example, some studies experiment
with all historical incidents in a study period artldus, require enormous computational effort,
while other studies experiment with only a smabset of randomly chosen incidents from the
historical incident dataset. The use of a sampléistforical incidents results in significant
reduction in computational effort; however, if nohosen carefully, the results of such
experiments may over or underestimate program lien&his study provides a methodology,
the P-BIG procedure, for the careful selection sktof incidents for use in such experiments.
The procedure estimates incident property distidoutunctions based on historical data. These
distributions are integrated within a non-statign@oisson random variate generation process to
produce a relatively small set of representativedients for simulation and derivation of benefit
estimates.

To assess the proposed methodology, the Three-StageSaving Analysis Process was
applied on a case study involving a freeway seryatol program in New York State. Six

months of empirical data pertaining to the prograene examined. Experiments were conducted
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in a simulation platform in which all historical aidents were replicated, requiring 6,930
simulation runs. Results from these initial expenms showed that an average of 96.4
vehicle-hours of daily travel delay was saved doethe H.E.L.P. program. Additional
experiments were conducted on a set of incidentergéed by the P-BIG procedure. A savings
of 82% in simulation run time and an average eofoonly 5% were noted as compared with
runs involving all historical incidents. When 12tridents were randomly selected without the
assistance of the P-BIG procedure, the average ewas over 14%. To achieve a similar 5%
error, nearly 300 randomly chosen historical inoidewould need to be considered in the
experiments. Thus, careful selection of a set oidents using the proposed P-BIG procedure
results in estimated benefits that nearly perfeatigtch estimated benefits from runs of all
historical incidents with only 18% of the compudaual effort.

In the case study, monthly variation in inciderggarties was found to be significant for the
six-month study period, suggesting that such vanashould be considered in TIM program
evaluation studies, as replication of incidentsetasn properties from only one month could lead to
over or underestimation of program benefits. Thislihg applies not only to the methodology
developed herein, but to more traditional simutatbased approaches for studying TIM program
benefits. Future study could investigate additiareracterization of incident property distribuson
and could test the Poisson arrival assumptioneelat incident occurrence.

Additional benefits of the proposed methodology nieey derived in benefit studies,
where efforts required for data collection are itive. In such circumstances, it may be
reasonable to employ the incident property distiiims determined in this study, possibly with
changes in only the parameters. While imperfeat,nfi@any locations and many studies, such

input may be sufficient.
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Chapter 6: The Impact of Violationsin Computational

Assessment of Non-barrier Separated Managed Lanes

6.1 Introduction and M otivation

State agencies have become increasingly interestbe construction of managed lane facilities
operating concurrently with general purpose (GRg$aalong existing roadways as a means of
addressing the continued growth of traffic congeston the United States’ (U.S.) freeways.
High-Occupancy Vehicle (HOV) lanes, for exampleyéndeen widely implemented and the
benefits of such lanes have been espoused. Alomy meadways, it has been noted that such
HOV lanes are underutilized. That is, these larmesaarry additional traffic without significant
performance degradation. Thus, conversion of HOWdato HOT lanes, lanes that can be used
by vehicles with 2, 3 or more riders for free oraateduced cost and by vehicles with single
occupants for a fee, is beginning to gain tractwound the country. It is believed that such
conversion can facilitate effective use of existiogdway capacity, lead to improved travel
times for all vehicles, and produce additional rewe to support much needed transportation
improvements. California, Colorado, Florida, GeargMinnesota, New York, Utah, Texas,
Virginia and Washington, for example, have recertbnstructed new HOT lane facilities,
converted HOV lanes to HOT lanes, or are in thecgge of studying the benefits and
requirements of constructing (or converting HOVesurio) HOT lanes. See Miller-Hooks et al.
(2007) for additional details.

Continuous access to HOV lanes is a commonly usactipe; however, given existing
toll collection technologies, access to HOT lanasiibe more limited. Physical barriers in the

form of concrete barricades or plastic pylons, éaample, are often constructed to ensure
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compliance with rules for accessing HOT lanes. dasingly, however, non-barrier separation
techniques are employed for this purpose. Suchigobhs may be used where the necessary
space required for physical barrier separation @olcte activities required for enforcement is
limited or construction and maintenance costs afhsbarriers is prohibitive. Non-barrier
separation methods (buffer separation delineateaviiye or yellow lines), as a result, have
become more common. Non-barrier separation methbdaever, permit nearly unlimited
improper ingress/egress to/from the managed lartesse violations impact free-flow speeds of
both managed and GP lanes. Additionally, violatibase a negative impact on revenue. While
vehicle occupancy violations are the primary violatrelated concern associated with HOV lane
use, violations of a variety of types exist witlspect to the use of non-barrier separated HOT
lane facilities. Specifically, these violations lude: (1) carrying fewer people than the minimum
occupancy required (i.e. vehicle occupancy vioteg)p (2) failure to pay electronic tolls (e.g.
may have proper transponder, but the account magenm good standing); and (3) access to or
from the HOT lanes at points where such accessnid (i.e. access violations).

To predict improvements in travel speeds and ditadfic performance metrics and the
potential revenue that can be raised through ttredanction of a new HOT lane facility within
an existing roadway, and to assess potential pedaté operational strategies and facility designs,
computer simulation is often employed. For exam@enulation-based studies have been
conducted on proposed and existing non-barrier ragggh HOT lane facilities of 1-394 in
Minnesota (Buckeye, 2009; Lari and Buckeye, 199&jvbrson et al., 2006; Munnich and
Buckeye, 2007), SR-167 and 1-405 in WashingtoneSttDOT, 2003; Westby, 2005), I-15 in
Utah (Miller-Hooks et al., 2007), and 1-580, I-686880 and SR-85/US-101 in California (PB

Americas, 2006; Caltrans, 2007; Orange County Tartation Authority, 2002; Santa Clara
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Valley Transportation Authority, 2005). While nuroas studies have indicated that violations
are of significant concern for HOT lane facilities,fact the national average annual violation
rate associated with HOV and HOT lanes in the W& estimated in 2005 to involve between
10 and 15 percent of all vehicles using managedsldMartin et al., 2005), to the best of the
authors’ knowledge, only one previous simulatiosdzhstudy has replicated violators; Chen et
al. modeled occupancy violators (Miller-Hooks et 2D09). They did not, however, consider the
impact of the violations on roadway performance.

In this chapter, the potential impact of violatioetated to HOT lane access and vehicle
occupancy on traffic performance in managed anda@€s is quantified for an existing roadway
segment with single HOV lane and proposed HOT I&wdity conversion. Techniques are
developed for modeling violation behavior in comeat flow lane operations within a widely
used microscopic traffic simulation tool. The sigance of the violation impact on traffic
performance for future managed flow lane faciligrfprmance and benefit analyses is assessed
in extensive and systematically designed experisneBased on results of the assessment,
recommendations are made as to the criticality ofleling violations in simulation analyses,
including violation rates, which if exceeded givéimat violations are unmodeled, would
significantly impact performance measurements. icagibns for enforcement are also

considered.

6.2 Review of Managed L ane Facility Violation Ratesin the U.S.

Originally continuous access HOV lanes, the I-39dRMSS Express Lanes, re-opened in May
2005 as Minnesota’s first HOT lane facility (a Skenportion of which is non-barrier separated).

Munnich and Buckeye (2006) estimated that the timtarate associated with the original HOV
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lane facility was on the order of 20 percent imterof the number of vehicles employing the
lane for some portion of their trip. After convensito HOT lanes, additional law enforcement
and technologies were employed to catch violateven with significant enforcement, violation

rates associated with the MnPASS lanes are estintatbe approximately 9 percent. In fact, of
all citations written along the HOT lane portion 16894, 46.8% were related to occupancy
violations and 12.4% were for violations involvitige crossing of the buffer (Buckeye, 2009).

Efforts to reduce violations related to HOV lanesitnue along SR-167 in Washington
State. This 9-mile stretch of HOV lane is slated donversion to a buffer-separated HOT lane
facility currently uses the HERO program to encgerdrivers to self enforce HOV lane rules.
The HERO program enables drivers to report an H&é lviolator by e-mail or phone. When a
large number of violators are reported at a speddcation, the Washington State Patrol is
informed and will target their enforcement to thatation. The violation rate estimated for the
entire HOV lane network in Washington State ranigesveen 1 and 7 percent (Munnich and
Buckeye, 2007).

Utah's buffer separated HOT lane facility is lodatdong 38 miles of 1-15 emanating
from Salt Lake City. During a travel time study radpthis facility that involved probe vehicles,
violations were noted and observations were malde.riost noteworthy of the observations are
that when GP lane speeds decrease, the numbehiofegeimproperly crossing solid markings
(violation type (3)) to use the express lanes fer purpose of passing slower moving vehicles
increase and as HOT lane speeds decrease, viglatieolving the crossing of solid markings
from the HOT lane into the GP lanes increase (Maatial., 2005).

Additional experience with enforcement related tolations associated with managed

lanes is reported by the California Departmentrain$portation (CalTrans) (Miller-Hooks et al.,

121



2007). While significant funds (nearly all of th@ltrevenue) are expended on enforcement, high
violation rates remain. In California, it is curtBnrecommended that routine enforcement be
used to keep HOV violation rates to less than I@gue. Experience has shown that complaints
increase as violation rates approach and excegart@nt. Once violation rates of 10 percent or
higher are detected, the local area California W Patrol is notified of the need for greater
enforcement in a particular location. CalTrans regab that the highest violation rate arising
within the San Francisco Bay Area occurs in Alam&danty along the westbound lanes of 1-80.
For 2005, this rate was estimated to be 20.6% duha p.m. peak (Cabanatuan, 2007).

Fitzpatrick et al. (Fitzpatrick et al., 2008) stediviolation rates associated with access to
or from a non-barrier separated HOV lane at pownttere access is denied. They found that the
percent of maneuvers in compliance with the pavémmearkings varied with the length of the
intermediate access opening and driving speed.dgampliance rates (with respect to pavement
markings) were approximately 15 percent during ¢hperiods with speeds less than 40 miles per
hour in GP lanes or speeds greater than 60 mildsque in the managed lane.

Estimates of violation rates pertaining to managgte facilities obtained from the

literature are summarized in Table 6-1.
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Table 6-1: Violation rates of concurrent flow lanes

Managed Lanes | Average Violation Ratey Year Reference
Alameda County, CA 20.6% p.m. peak | 2005 (Cabanatuan, 2007)
Boston, MA Under 5% 2003 (Cothron et al., 2003)
Dallas area, TX 1-6% 2003 (Cothron et al., 2003)

Ft. Lauderdale, FL 20% 2003 (Cothron et al., 2003)
Hartford, CT 5% 2003 (Cothron et al., 2003)
Honolulu, HI 20% 2003 (Cothron et al., 2003)

Minnesota (I-394), MN 9% 2007| (Munnich and Buckeye, 200[)

Montgomery, MD

7-33% NB, 6-16% SB

2003

(Cothron et al., 2003)

Nashville, TN 33-40% 2003 (Cothron et al., 2003)
Northern Virginia, VA 12-13% 2003 (Cothron et al., 2003)
Orlando, FL 90% 2003 (Cothron et al., 2003)
Salt Lake City, UT 2.59% a.m. peak | 2005 (Martin et al., 2005)
Suffolk County, NY 5-10% 2003 (Cothron et al., 2003)
Washington State, WA 1-7% 2006 (WDOT, 2003)

Even with significant enforcement, violation rateslated to non-barrier separated
managed lanes in the U.S. are considerable. Swathtions can dramatically impact traffic
performance in both the managed and GP lanes. @ea$ps, with the exception of the earlier
mentioned work by the authors (Miller-Hooks et &009), no prior model developed for the
purpose of predicting improvements in travel spesu$ other traffic performance metrics and
the potential revenue that can be raised throughirttroduction of a new HOT lane facility
within an existing roadway, or assessing potemratcticable operational strategies and facility
designs, has incorporated this violation behavibiis chapter assesses the importance of this

omission.

6.3 Violation Modeling Techniquesfor Usein VISSIM

The VISSIM simulation software package was employeithin this study. This traffic
simulation software, a microscopic simulation melilogy, is widely used in the U.S. as a tool

for assessing the operational impacts of the initddn of HOT lanes and the selection of
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particular toll collection and access point locaticr designs to existing roadway facilities. It
has also been used to provide necessary inputnmstef travel times for revenue forecasting.
While VISSIM has been employed to model HOT langlifees in numerous simulation-based
studies of facilities in a variety of states, andwo locations in the U.S. of which the authors ar
aware such HOT lanes have been treated as a sepamat rather than as a separate facility
(Westby, 2003; Miller-Hooks et al., 2009), no sughor work has studied the impact of
violations. In this section, modeling techniquesated to allow treatment of the HOV or HOT
lanes as non-barrier separated lanes (as opposegpanate facilities), facilitating the modeling
of violations involving access to and from the H@ahes at undesignated locations, are

presented.

6.3.1 General Freeway Operations M odeling using VISSIM

The VISSIM software package, like many others, enpénts accepted car-following and
lane-changing models to capture the detailed iotera between vehicles. Miller-Hooks et al.
(2009) provide details associated with modelingcoorent flow lanes in VISSIM. In this
previous work, techniques for ensuring smooth itemsng between collector-distributor (CD),
GP and HOV or HOT lanes with continuous or limiteidgrade access, providing access as
required to managed lanes for only a subset ofcletulasses, and ensuring consistency in
acceleration and deceleration lanes, as well asimyegther model requirements, are described.
These techniques were adopted in this study. Amditimodeling efforts involving the inclusion
of Route Decisions and changes to the Lane Chaagemgter of associated connectors were
expended to further reduce bottlenecks that wetednto incorrectly arise at merging and

weaving portions of the on-ramps and occurrenaais$ing vehicles.
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Once the simulation model is constructed, parametesociated with car-following and
lane-changing behavior must be tuned (calibratedh shat traffic measures from the simulation
best match actual measurements taken from the. fielde critical parameters in the
“Wiedemann 99” model, the chosen modeling optioerewidentified in Miller-Hooks et al.
(2009) through extensive computational testing addice from the literature and modeling

experts. This study benefits from this prior cadiion effort.

6.3.2 Modédling Violations along Managed L anes on Freaways

Vehicle occupancy and access type violations (tiaola types (1) and (3)) are studied herein.
Such violations are depicted in Figure 6-1 for adtietical freeway segment (single direction)
with three GP lanes and a single non-barrier ség@rat-grade, limited access, HOT lane and a
single gantry for tolling. Four vehicle classes awmmsidered: (1) single occupancy vehicles
(SOVs) without the necessary equipment to use B& Hne; (2) vehicles with the necessary
number of occupants for HOV/HOT lane use; (3) sngtcupancy vehicles with the necessary

equipment to use the HOT lane; and (4) trucks, whre not permitted to use the HOT lanes.

7 N s del XK~ > » X || | ud m%‘g X}_ Jﬁ’_ -
s Fma— > o s
= [} —= —a =
= —0 = [} = —
= HOV on GP Lane HOV/HOT lane o HOT lane vehicle g HOV/HOT lane vehiclegz Ingress/egress = go, ——=o Truck
vehicle on HOT lane avoiding toll vehicle violate marking  HOV/HOT lane vehicle

Figure 6-1: Example of driving violation maneuver
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The figure illustrates a number of different maresy including the movement of
vehicles into and out of the HOT lane at permigsiéntcess points, shown by a dashed line, a
vehicle whose driver avoids toll payment by swihthbetween the HOT lane and the adjacent
GP lane immediately prior to the tolling locatioredtangle with single cross), and vehicles
whose drivers violate the law by crossing the budigher from the GP lanes into the HOT lane
or from the HOT lane into the GP lanes (rectangtl double crosses). Although not depicted in
the figure, one might also illustrate similar accemlation behavior by SOVs and trucks.

In succeeding subsections, the methodology emplayigtin VISSIM to model and
control such violation behavior is described. Tate rof violation is set in setting the percentage
of vehicles that fall under each vehicle type, tngathe vehicle composition. Violators are
created as a vehicle type and more than one vetypteassociated with violation behavior can

be created.

6.3.2.1 Occupancy Violation

To model occupancy violations, two Vehicle Classgsociated with different Vehicle Types are
created with the same driving behavior (e.g. sgaedtion) but different occupancy values: one
with a single occupant (the violator) and the othéh multiple occupants (legitimate HOT lane
user). The Lane Closure property of each lane ofi éak in the VISSIM model can be set to
one of two states for each Vehicle Class: “open*“otwsed.” This setting permits control of the
movements of vehicles across lanes within a givemcle class. Thus, by setting the GP lanes to
“closed” at locations parallel to HOT lane buffersd “open” at the access points, and similarly
setting the HOT lane to “open” throughout, the &dHOT lane users will use the HOT lane as

needed and the GP lanes only for ingress and etgressl from the facility. This is depicted in
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Figure 6-2a. Note that occupancy violators arelamyi modeled, effectively increasing the rate

of HOT lane use and decreasing the rate of GPUaae

open open open
close open close
close open close
close open close

[CJHOT/HOV lane [_] GP lane Access Point

6-2a: Normal HOV/HOT lane users and occupancy toota

open ~ ]
open [ ] e
open D
open

] HOT/HOV lane (] GPlane

6-2b: Access violation type 1 (without lane clossegting)

open L] —-” T ]
open ... S N N
close
close
[ ] HOT/HOV lane [ ] GP lane
6-2c: Access violation type 1 (with lane closurtisg)
| Link 1 | Link 2 | Link 3 |
T T 1 ']
open[ | closeﬁ / [ ]open
close 4 \¢ open :}J close
close open close
close open close

[ JHOT/HOV lane [_1GP lane &3 Toll gantry 4 Priority Rule
6-2d: Access violation type 2

Figure 6-2: Lane and link property settings for mlaty violators

6.3.2.2 Access Violation

No prior relevant study considered the possibitifyvehicles crossing into or out of the HOT
lane facility to or from the GP lanes at locatiamtBer than designated access points. To model

access violations, where vehicles maneuver betweeiOT lane facility and the GP lanes at
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locations other than these permitted access pdhmsHOT lane and GP lanes must be treated
within a single link (as opposed to separate liok$acilities). By doing so, a new vehicle class
can be introduced for which the Lane Closure prisgeican be set so as to permit the vehicle to
move between the HOT lane facility and adjacentl&@¥ at any location or even prespecified
locations where violations are most like to ariseg( immediately before or after a tolling
facility).

In this work, two types of “Access Violations” atensidered: (1) Access Violation Type
1 (AV-1) by which vehicles committing this violatiofreely move between the HOT and GP
lanes, disregarding the buffers and (2) Accessatimh Type 2 (AV-2) by which vehicles cross
the buffer just prior to and after a tolling fatylin order to avoid toll payment while maintaining
nearly continuous use of the HOT lane.

To model violations of type AV-1, the Lane Clospreperty associated with the violation
vehicle class for all lanes are set to “open.” Tikidepicted in Figure 6-2b. One could similarly
set only the HOT lane(s) and single adjacent GP tarfopen,” while simultaneously setting the
remaining GP lanes to “closed” for more limited reawvering between GP and HOT lane
facilities (Figure 6-2c).

To model violations of the AV-2 type, the link inhieh the tolling facility is present is
split into three connected links, the middle inehgdthe tolling facility. To force the violation
behavior at the tolling location, the Lane Propestythe HOT lane for the violators is set to
“closed” while the remaining lanes are set to “apéssuming that the vehicles involved in this
violation behavior are HOT lane users, the Langénty for the HOT lane on the upstream and
downstream links is set to “open” for the violatomhile the remaining lanes are set to “closed.”

With no further modeling effort, it was found thamder congested conditions, this approach
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resulted in only a portion of vehicles committingetAV-2 type violation of those that were
intended to commit such violations. Despite thatHHOT lane was in the “closed” state for these
vehicles, if the vehicle was unable to merge easily the GP lane (i.e. a gap did not arise
quickly permitting the maneuver), then the vehimbatinued through the toll on the HOT lane.
To ensure that the majority of violators commit tWielation as intended, despite that their
behavior may affect traffic in the GP lanes, thegglicating more aggressive behavior, a Priority
Rule is set. This rule gives priority to the vebiah the HOT lane seeking to merge into the GP
lanes. It is assumed, thus, that any vehicle wgllio merge out of the HOT lane just prior to
paying a toll, despite the possibility of receiviagnoving violation, will be aggressive enough
to take advantage of relatively small gaps betwesdricles in the GP lane in merging into that
lane. The vehicles in the GP lane respond by slgwliown to avoid collision, but effectively
permitting the illegal maneuver. This modeling agguwh is depicted in Figure 6-2d.

To illustrate the capabilities enabled by the psggbmodeling methodologies described
here, vehicle trajectories of four vehicles (Vebscll09, 135, 130 and 237) were extracted from
the simulation output of runs of a VISSIM modelafhort, 3-GP lane, 1-HOT lane freeway
segment. The trajectories are depicted in FiguB Bt the figure, Vehicle 109 can be seen
merging back and forth between the HOT lane andcadit GP lane, including stretches in
which access is prohibited. Vehicle 135 can be seerging out the HOT lane just prior to the
toll gantry, avoiding toll payment, and merging baato the HOT lane immediately after
passing the toll gantry. Trajectories of two exé&anmon-violation type vehicles (Vehicles 130

and 237) that use the designated access pointgeoa exit the HOT lane are also depicted.
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Figure 6-3: Vehicle trajectories developed fromudation results in which AV-1 and AV-2 type
violations are modeled

6.4 Case Study

To assess the impact of violation maneuvers oropaence of existing and proposed concurrent
flow lane operations with continuous or limitedga&de, buffer separated HOV or HOT lane
facilities, two VISSIM models (version 5.1) wereeated. These models contain a single
continuous access HOV lane (Existing) and one éidhdccess, at-grade HOT lane (Alternative).
The HOT lane alternative assumes conversion oexigting continuous access HOV lane to a
single limited access HOT lane. The models re@i@aseven-mile stretch of I-270 in Maryland
for a study period consisting of morning peak hdér®0 a.m. through 9:00 a.m.) during which
existing HOV (or designed HOT) lane restrictionplg@and build on a previously developed and
calibrated model (based on segment travel time#isfroadway segment (Miller-Hooks et al.,
2009). Figure 6-4a shows the study area, incluthinge potential access points anticipated for
the Alternative network. The study roadway segnamtsists of six interchanges connecting

[-270 with local roads, including the I-370 freew&hady Grove Road, Montgomery Avenue
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(MD 28), Falls Road (MD 189), Montrose Road, ane tBpur connection to 1-495. The
interchanges involve eight on-ramps from local eotwl CD lanes, five off-ramps from the CD
lanes to the local roads, four slip ramps from @Bek to GP lanes, and two slip ramps from GP
lanes to CD lanes as shown in Figure 6-4b. Whitesg to/from the 1,000 foot section of the
existing HOV lane that is closest to the Spur srieted, for simplicity, continuous access is
assumed under the Existing scenario. Traffic demdeteh was provided by Maryland State

Highway Administration (SHA) based on 2006 survayad Other required input data, including,

for example, vehicle occupancy and compositiorgaren in (Miller-Hooks et al., 2009).
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Figure 6-4: 2006 traffic demand survey data anérthse study details

6.4.1 Experimental Design

Numerical experiments were conducted to assessnihect of occupancy and access violations
on performance of HOV/HOT and GP lanes in the siiflieeway segment involving concurrent
flow lane operations. Modeling techniques descriliedSection 3 for replicating violation
behavior were used. Both Existing (with single H@Wwe) and Alternative (with single HOT

lane) scenarios are considered. In both the Egistimd Alternative model runs, demand is set to
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one of three levels: demand equivalent to 2006ey@d numbers (2006 demand), 2006 demand
with an additional 200 vehicles per lane per hepigh) (2006+200 demand), and 2006 demand
with an additional 400 vplph. Five categories ablations are considered in the experiments:
occupancy; AV-1; AV-2; combined AV-1 and 2; and dormed occupancy, AV-1 and AV-2. Five
violation rates are employed: 0, 5, 10, 15 and 20%tal demand.

To implement the violation rates, demand is adpustehin the eight vehicle classes that
are modeled, details of which are given in Tabl2 Ghe experiments control the composition
percentage between Classes 5 and 6. One mightdeorssimilar alternative experiments where
demand is moved from Class 7 to 5 instead of (@&s8s5.

It is expected that electronic, nonintrusive tmllection gantries will be employed to
collect toll payments from SOVs employing the H@Mé. In this study, it is presumed that these
tolling facilities will be located immediately aftéhe end of each access point, allowing tolls to
be collected once vehicles enter the HOT laneifgcilolls could similarly be placed prior to the
access points, allowing collection as vehicles meavgt of the HOT lane facility. The latter

scenario is not tested in this study.

Table 6-2: Traffic composition and employed viddatirates

Vg{]a:ie V?S 'p(ie Occupancy Using HOV? Composition (%)

Class 1 truck 1 no 0.053] 0.053 0.053 | 0.053 0.053
Class 2 truck 1 yes 0.000 0.001 0.001 0.001 0.Jo1
Class 3 bus 2+ no 0.003 0.008 0.003 0.003 0.9g03
Class 4 bus 2+ yes 0.001 0.001 0.001 0.001 0.001
Class 5 | passenger caf| 1 yes 0.000 0.05 0.10 0.15 0.20

Class 6 | passenger caf| 1 no 0.703 0.657 0.607 0.557 0.507

Class 7 passenger car 2+ yes 0.188 0.188 0.188 0J188 (0.188
Class 8 passenger car 2+ no 0.047 0.047 0.047 0.047 0,047
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Each VISSIM model run with select scenario, demlanél, violation type and violation
rate entailed 5,400 seconds of simulation time fitlseé 1,800 seconds of which was considered
as the warm-up period. For each such combinatios, dimulation runs were made. Average
results when provided, unless otherwise specifagd, hourly averages based on the 3,600
seconds of simulation run time from each of the fiuns. A total of 525 simulation runs were
conducted. Each run required approximately 40 tonGfutes on a Dell Optiplex GX520
Pentium 4 personal computer with a dual core psmre8.20 gigahertz, and two gigabyte ram,

running the Windows XP operating system. Resulth@ede runs are given next.

6.4.2 Experimental Resultsand Analysis

To assess the impact of violations on traffic penfance in the HOV/HOT (or GP) lane, the
average travel time incurred by those vehiclesatising the entire length of the HOV/HOT lane
(or GP lane) in the study area is collected. Averagvel times estimated from the runs are

reported in Figures 6-5 ~ 6-8.
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Figure 6-5: Impact of occupancy violations on agerravel time
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Violators are permitted use of all lanes
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Figure 6-6: Impact of AV-1 violations on averagavel time (Alternative)
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Figure 6-7: Impact of AV-2 violations on averagavel time (Alternative)
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Impact of combined AV-1 and AV-2 violations on aage travel time where violators are
permitted use of all lanes
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Figure 6-8: Impact of violation combinations on age travel time (Alternative)

As is shown in Figure 6-5a and b, an occupancyatim rate of 10% or more results in
significant increase in travel time in both HOV &@@ lanes under existing conditions. Similarly,
at an occupancy violation rate of 10% and highraxd times increase substantially in the HOT
lanes, while simultaneously decreasing in the @edgFigure 6-5¢ and d). In a comparison of
Figures 6-5a and c, one will note that the degradan the performance of the managed lanes is
less significant for the limited access HOT lanantlt is shown to be for the continuous access
HOV lane. It is hypothesized that this is due teduction in weaving between the managed lane

and adjacent GP lane under the HOT lane designroements noted for the GP lane
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performance with increasing violation rates are ttuéhe associated reduction in GP lane use,
since HOT lane violators are assumed to be gemefaien the class of SOVs without suitable
toll payment equipment. This same improvement isnobed under existing conditions, where
continuous access between HOV and GP lanes is fpedmallowing unlimited opportunity for
weaving. Thus, it is concluded that the additiodalay due to weaving between GP and
managed lanes with continuous access outweighbehefits of a reduction in the number of
GP-only lane users as occurs in creating the wolatlass. It appears that the increased
opportunity for weaving under existing conditiorss @mpared with the alternative HOT lane
design also leads to greater percentage degradatfmerformance with increased violation rate,
and hence, increased managed lane use.

As depicted in Figure 6-6, at rates of 10% anchéigthe AV-1 type violations are
shown to significantly impact the performance othb&OT and GP lanes. Specifically, as
violation rates increase, average travel time enHOT lane increases, while decreasing in the
GP lanes. The same general trend in terms of wmiggrerformance of the HOT lane and
improving performance of the GP lanes with incnegsiumbers of violators is seen in Figures
6-5c and d as was noted for occupancy violatioreuttte alternative HOT lane design. This can
be similarly explained by the reduction in use ltd GP lanes and increase in use of the HOT
lane with shifting demand between the user clagdgsomparing Figures 6-6a and b with ¢ and
d, one will note that if the HOT lane access viatatlimit their maneuvers to only the HOT lane
and its adjacent GP lane, the violations are erpetd have greater negative impact on the
performance of the HOT lane than if these maneusersiot limited to only these lanes.

Figure 6-7 shows similar degradation in the penfamce of the HOT lane at 10% and

higher violation rates for AV-2 type violations, B8 other violation types under the alternative
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design. Despite the reduction in demand for thda®P that results from the conversion of SOV
to HOT lane users, performance of the GP lane dogésecessarily improve with increasing
violation rate (and decreasing GP lane use). litypothesized that the lack of improvement in
the GP lane average travel times is due to short-tgueuing that results from a vehicle
aggressively entering the adjacent GP lane fromH@& lane at the toll gantry location. Such
behavior is not replicated under AV-1 type violagp because it is assumed that drivers of
vehicles falling under this class will only switaito the GP lanes when traffic conditions are
better in the GP lanes than in the HOT lane. Tthese vehicles only enter the GP lane when a
suitable gap is present.

When the combination of AV-1 and 2 violations aomsidered together, that is when
violators will commit both types of access violaiso the performance of both HOT and GP lanes
degrade. The relative degradation in performanazeases with increasing violation rate,
particularly at rates of 10% and higher, as shawRigure 6-8a and b. When half of the access
violators (combined AV-1 and 2) are reset as ocoapaiolators (i.e. representing drivers who
do not cross barriers despite that they use the &4 illegally), the impact of the occupancy
violations is significant as noted by comparinguitssgiven in Figures 6-8c and d with those of
the other figures.

In an overall assessment of the impact of viotetion average travel times (Table 6-3),
it is noted that access violations of type AV-1 &dlve greatest impact on HOT lane performance
(7% and 32% increase in average travel time) datram rates of 10 and 15% and of type AV-2
(62% increase in average travel time) at a viotatade of 20%. The significance of performance
degradation in the HOT lane due to violation typ&2Acan be expected as drivers of vehicles

falling under this violation type are expected édluce their speeds to undertake the maneuver
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required to avoid the toll gantry. Likewise, tha@ypact speeds in the HOT lane upon reentry just
past the toll gantry. That the degradation in penence of the HOT lane increases nonlinearly
with increasing violation rate under any violatiype and combination can be noted from
Figures 6-5 ~ 6-8 and Table 6-3. As it relateh®oGP lanes, only when violation types AV-1 and
2 are combined does the average travel time iner@ath increasing violation rate. In all
experiments, the general trends in change in padoce resulting from increased violation rates

were unaffected by increased traffic volume (i@&+200 and 2006+400).

Table 6-3: Percent variation in average travel tame function of violation rate (Alternative)

Violation rate HOT lane GP lane
Violation type 5% 10% | 15% | 20% 5% 10% | 15% | 20%

Occupancy 2% 5% 24%|  38% 0% 1% -24%  -32%

AV-1 1% 7% 32% |  40% -1% -1% 9%  -17%

AV-2 1% 3% 16% | 62% -3% 1% 7% -4%

(AV-1)+(AV-2) 1% 3% 11% | 42% 2% 0% 8% 21%
Occupancy+(AV-1)+(AV-2) 1% 5% 25% 48% -2% -29 -10% -18%

6.5 Summary

Results of this study indicate that vehicles chog40o violate restrictions placed on the studied
non-barrier separated, limited access HOT landitfadignificantly impact roadway facility
performance estimates in simulation-based concufl@n lane studies when occurring at high
violation rates. Moreover, this impact grows noeérly with increasing rate of violation. The
impact of occupancy violations on the performanica continuous access HOV lane was shown
to be similarly significant. The effects of violati behavior become noteworthy at a violation
rate of 10% (of roadway users). The performanch®iGP lane is similarly impacted; however,

the direction of impact differs for the two manadade types studied. The average travel time
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on the GP lanes increases substantially with isangaoccupancy violation rate under a
continuous access HOV lane design, while a decreaagerage travel time (i.e. performance
improvement) is noted for similar occupancy viaag under the limited access HOT lane
facility design. Where violations involving toll adance arise, no such improvement occurs.
The observations from this study imply that itiggical to model violation behavior in

simulation-based performance analysis of propoged kne facilities should violation rates on
the order of 10% or higher be anticipated. Givepesienced violation rates for non-barrier
separated HOV and HOT lane facilities around th®. ldnd the potential contribution to system
performance that these violations play as notatiersimulation study conducted herein, simply
ignoring the potential impact of violators may réso a misrepresentation of the benefits of a
proposed managed lane facility, particularly atation rates of 10% and higher.

This study has additional implications for enforegrmplanning for such managed lane
facilities. Results of this study indicate thatfe$ya and revenue aside, low violation rates may
have little impact on mobility. Of course, withoahforcement, violation rates will grow, as
drivers observe acts of violation that go unpurdlsi#n enforcement plan is warranted to reduce
violation rates to levels at which degradation erfprmance of the managed lane due to
violations does not outweigh the benefits of cargton of such a facility. Additionally, one can
replicate conditions under an overall reductionvialation rate or changes due to selective
enforcement plans using the modeling techniquesritbesl herein. In addition to modeling
enforcement plans that target specific violatiopety, location-based reductions consistent with
fixed enforcement locations as might arise whehnetogy-based enforcement is employed can
be replicated. Thus, modeling results can be agpghe benefit/cost studies of enforcement

strategies.
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In this study, the impact of violations is evaluhteased on only a segment of 7-mile
stretch of one roadway. It would be beneficialast twhether or not the findings of this study can
be duplicated for an alternative roadway segmetit different geometry and for a wider study
area. Moreover, one setting of car-following andelghanging parameters was used for the
entire study. However, vehicles that violate roaglwaarkings are likely to behave differently
from other vehicles, particularly as it relatesldne-changing decisions. To set parameters by
vehicle in this way within the VISSIM simulationgtform, the "external driving model" can be
applied through which lane-changing and car-follgyviparameters associated with violation
maneuvers can be set. Appropriate settings shautthbsen based on real-world measurements.

Through this approach, however, parameters woulfixee and could not vary by maneuver

type.
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Chapter 7: Safety I mplications of Violationsin

Concurrent Flow Lane Operations

7.1 Introduction and Background

To mitigate congestion along freeways, managedsla@g. high occupancy vehicle (HOV) or
high occupancy toll (HOT) lanes, operating conautftgewith general purpose (GP) lanes have
gained popularity across the nation. Among the ttaogon options to separate managed and GP
lanes, non-barrier separation techniques, which osly solid pavement markings, are
increasingly employed. These techniques informedsvthat crossing between GP and managed
lanes is prohibited; however, they cannot prevesttiales from violating such regulations. In
fact, the national average annual managed lanatioal rate, which includes both occupancy-
and access-type violations, was estimated in 2606viblve between 10 and 15 percent of all
vehicles using managed lanes (Martin et al., 2086¢h violations have a negative impact on
both mobility and safety for the freeway operati@hou et al. (2009) quantify the impact of
these violations on mobility for an existing roagvwsegment. Others have commented on safety
implications of these maneuvers. Billheimer et(2890) pointed out that weaving illegally in
and out of a managed lane creates a direct sadeiyrdh, but was unable to directly correlate the
violation rate to accident occurrence. Parker e{18195) employed a survey instrument which
showed a connection between self-reported tendencgmmit driving violations and increased
accident involvement. It appears that no prior gthds quantified the impact of violations on
safety. This study seeks to help fill this gap.

In this chapter, it is hypothesized that violatioparticularly those pertaining to managed
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lane egress and ingress, lead to sudden changpeéd of approaching vehicles. These sudden
changes in speed can propagate upstream, furtbeiting in congestion and increased speed
variance (or traffic instability) over the affectpdrtion of the roadway.

Numerous studies have investigated the relationsétiween speed variance and accident
rates. Park and Ritchie (2004) show that excessigeeuvering between lanes results in a
significant increase in speed variability, as nofiein analysis of detector data. Zheng (2009)
compared 82 crash events and found that the sthrttatiation of speed within the roadway
segment in which the event took place positivelyralates with the occurrence of crashes. In a
study of crash data using detector output alon§0-® California, Oh et al. (2005) found that
under low levels of speed variation, accident Ih@bd is reduced.

The safety impact of congestion has been widelglistli(e.g. Ivan et al., 2000; Martin,
2002). These works consider negative or possibégtipe relationships between congestion and
traffic accidents. That is, it is generally accepthat serious multi-vehicle incidents more
frequently arise under moderate congestion lewxas &t very low or very high congestion levels.
Shefer and Rietveld (1997) theorized a parabolationship between traffic flow density and
fatal accidents, wherein fatal accidents woulddsyeelst both at the highest and lowest levels of
congestion. Noland and Quddus (2005) attemptedcgessfully to show that this parabolic
relationship exists through the study of casualiiadn congested and uncongested periods in
London. While such specific conceptual and overaggchelationships have not necessarily been
proven, it is generally accepted that there idatioship between congestion levels and incident
rates. As it relates specifically to managed lgperations, Golob et al. (1989) noted that changes
in collision characteristics along managed lanesevdeie to the changes in spatial and temporal

attributes of surrounding traffic congestion. Thehars are not aware of other works that have
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studied congestion and safety relationships incdhetext of managed lane operations. Since
movement violations impact mobility, and thus, effeongestion, violations of the type studied
herein will also impact safety.

This chapter seeks to quantify the safety impactaofess-type violations, as a
consequence of increased speed variation and changengestion, in the context of concurrent
flow lane operations with a nonbarrier separatednagad lane facility. A three-step
simulation-based methodology to analyze the impdatiolations on safety is proposed. The
methodology is applied to a case study, construote@ calibrated simulation network of an

existing roadway segment of I-270 in Maryland.

7.2 M ethodology

A simulation-based methodology is employed to assbe potential impact of access-type
violations in the context of concurrent flow langeoations on safety. In the methodology, safety
is measured by the length of discontinuities irffitaspeed resulting directly from violation
incidents as determined through inspection of itadpeed contour maps. The larger the total
length of discontinuities in the traffic speed @amtmap, the greater the speed variability and the
less safe the situation is presumed to be. In iaddib safety implications of increased speed
variability, increased congestion may result a®m@sequence of a sudden decrease in vehicular
speeds. Under certain levels of traffic flow, asgestion increases, interactions among vehicles
increase, and there may be secondary safety effects

Step 1 of the proposed methodology simulates traffierations and a set of randomly
arising access-type violations, rates for which aredetermined. Detectors are set up in the

simulation at short intervals within each modelade. A traffic speed contour map is developed
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in Step 2 from the output of the simulation runisTmap is created by plotting the detector
surveillance data in a time-space surface diagrbime. axes of the plot are developed over
constant increments of time (generally shown onxtagis) and space (generally shown on the
y-axis). Such maps have been used for many traffédysis applications, including, for example,
the identification of bottlenecks (Chen et al., 208ertini et al., 2008). Finally, in Step 3, the
total number of time-space increments along whighificant speed discontinuities are noted
are counted. These identified increments are edeio herein as Hazardous Time-Space Spots
(HaTSSs). A count of those HaTSSs arising alongldbgging edge of an identified region of
speed discontinuity provides a safety index, i HaTSS safety index. This index can be
separated by lane type, resulting in HaTSS GP &0d lne safety indices. All three steps are
repeated for each random seed and the averagestptalduced over all seed values. Additional
description associated with each of the methododbgsteps is given next. Despite its more
general applicability for traffic safety analysthis description focuses on the application to
concurrent flow lane operations and access-vidatibris presumed that all associated traffic,
geometry and other input data required for the HEtian are given and a violation rate is

chosen.

7.2.1 Sep 1: Simulation Runswith Violation Maneuvers

The chosen simulation platform must permit the niadeof concurrent flow lane operations
and associated access-type violation behavia.dnticipated that microscopic simulation would

ordinarily be warranted.

7.2.2 Sep 2: Traffic Speed Contour Map Creation

To capture the impact of a violation maneuver, v&@rgrt observation time increments must be
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employed in recording traffic speeds. In freewaitlbneck and incident management studies, 20
or 30 second time-increments for reporting traffiaracteristics from simulated detectors are
often employed (e.g. Zheng et al., 2009; Bertinalet2008; Ouiroga et al., 2005). The average
speed of vehicles traveling over the space betweertdetectors within the time interval must be
computed for every time step and roadway segmeet [ietween detectors). This data is
employed in developing the traffic speed contouprf@ the given simulation run (i.e. for a

given seed value).

7.2.3 Sep 3: Identification of HaT SS of Traffic Flow Discontinuity

Figure 7-1 illustrates, by example, the potentagbact of a hypothetical violation instance in a
traffic speed contour map. The cells of the contaap are classified as falling under low-speed
or normal-speed types. If the speed differentiad otll from a target norm is significant enough,
the cell is categorized as being of the low-spege.t At the leading edge of the region of
discontinuity is a congestion discharge region,a.esgion in which traffic has begun to recover
and speeds are increasing toward the norm. Thenkggedge of the discontinuity region
develops as a result of backward forming shockwaBegond this edge, speeds are yet to be
affected by the violation. Since collisions are mideely to occur along this lagging edge, the
cells (i.e. the HaTSSs) that form this edge are“dp®ts” that are counted in producing the

HaTSS safety index.
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Figure 7-1: Violation impact and HaTSS identificexti

To compute the HaTSS safety index, the averagedspﬁg, within each cell of the
traffic speed contour map is compared with theteelaell that represents the same location at
the previous time stepS_Lj. If the average speed has dropped by a chosemn shiéerence

threshold, AS, since the previous time step, the cell is clastifs a HaTSS. Lé{aTSS; be a

HaTSS in time slicé associated with roadway segmgnthen,

1 if S, -S . >=AS;
HaTSS; = LT ’ 7-1).
5 {0, otherwise. (7-1)
The HaTSS safety index is computed as in (7-2).
HaTSS safety index value =ZZ HaTSS, (7-2).
i

7.3 Case Study

To assess the impact of access-type violation meengwon the safety of concurrent flow lane
operations with a limited at-grade and buffer safgmtr HOT lane facility, a simulation model,

employing the widely used microscopic traffic siedidn tool VISSIM (version 5.1), was
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created. The model replicates a seven-mile strefch270 in Maryland for a study period
consisting of morning peak hours. The simulatiordelavas built on a previously developed and
calibrated model of this roadway segment. Detaflshe geometry of the study segment,
including proposed HOT lane design, location ofegscpoints, and techniques necessary for
modeling adjacent managed and GP lanes with restraccess, as well as results of calibration
efforts under existing geometry with HOV lane, daa found in (Miller-Hooks et al., 2009).
Traffic demand, vehicle occupancy and compositiatagrovided by Maryland State Highway

Administration (MSHA) described in this earlier Wowras used unless otherwise specified.

HOT Lane HOT Lane HOT Lane HOT Lane
Ingress/Egress : Toll Gantry “ Ingress/Feress ;
GP Lane GP Lane GP Lane GP Lane
2D = > [ = am S
f— T - —
= = = [—"c] =
c —a — — |
= Compliance User =@ Access-Type Violator —0 Tryck
Link 1 Lik2 | Link 3 Link 4 Liks ! Link 6 Link 7
Open Open i Open Open
Open Open Open
Close i Close
Close Jpeni Close
I:I HOT Lane :: : : i : : :: GP Lane Aceess Point <] Priorily Rule

Figure 7-2: Violation maneuvers and associated WWBSettings in a hypothetical network

In this case study, only access-type violations @asidered. Such violations may
involve the crossing of the buffer at the conveoeenf the violating vehicle and the crossing of
the buffer immediately prior to a toll gantry so @savoid paying the toll. These types of
violations are depicted in Figure 7-2. Modelinghteiques employing appropriate use of Lane
Closure properties and Priority Rules by Vehiclagskes as described in (Chou et al., 2010) were

used to replicate access-type violation maneuvers.
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7.3.1 Experimental Design

Two sets of experiments were conducted: Experirheras designed to assess the effects of an
increase in violation rate, while Experiment Il waasigned to test system performance with
comparable changes in traffic composition with raation for the purpose of setting a baseline
for comparison. Eight vehicle classes, as describetlable 7-1, were employed within the

experiments.

Table 7-1: Vehicle classes settings in the simorhati

EXPERIMENT I
Vglh ;ie Vehicle Type Occupancy Uslealr-]lé)T Composition (%)
Class 1 truck 1 No 0.053 0.053 | 0.053| 0.053 | 0.053
Class 2 truck 1 Yes 0.000 0.0010 0.001 0.001 0.¢g01
Class 3 bus 2+ No 0.003 0.003 0.003 0.003 0.003
Class 4 bus 2+ Yes 0.00L 0.001 0.0p1 0.901 0.p0o1
Class 5| passenger ca 1 Yes 0.000 | 0.05 0.10 0.15 0.20
Class 6| passenger ca 1 No 0.707 | 0.657 | 0.607 | 0.557 | 0.507
Class 7| passenger car 2+ Yes 0.188 0.188 0,188 0.188 ().188
Class 8| passenger car 2+ No 0.047 0.047 0.p47 0j047 7 Q.04
Adjustment from Class 6 to Class 5 0% 5% 10% 15% 20%
EXPERIMENT I
Vg:w;glse Vehicle Type Occupancy USE;"nST Composition (%)
Class 1 truck 1 No 0.053 0.053 0.053 0.053 0.053
Class 2 truck 1 Yes 0 0 0 0 0
Class 3 bus 2+ No 0.003 0.003 0.003 0.003 0.003
Class 4 bus 2+ Yes 0.001 0.001 0.001 0.001 0.001
Class 5| passenger car 1 Yes 0 0 0 0 0
Class 6| passenger ca 1 No 0.707 | 0.677 0.657 0.632 0.617
Class 7| passenger ca 2+ Yes 0.188 | 0.218 0.238 0.263 0.278
Class 8| passenger car 2+ No | 0.047 0.047 0.047 0.047 0.047
Adjustment from Class 6 to Class 7 0% 3% 5% 7.5% 9%
Comparable Classification from Experiment | 0% 5% 10% 15% 20%

In Experiment |, a portion (set according to th@sdn violation rate) of the vehicles

falling within Class 6 are reclassified under Cl&ssepresenting an increase in HOT lane users
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to account for the addition of violators that Willegally” use the HOT lane. These reclassified
vehicles would have otherwise been restricted tmgushe GP lanes. A result of this
reclassification is an increase in traffic demalwhg@ the HOT lane and a corresponding decrease
in demand for the GP lanes.

To account for any changes in safety related meadtat are due to the simple increase
in use of the HOT lane and decrease in use of thdaBGes that occurs through the design of
Experiment I, a comparable reclassification is madeleveloping Experiment Il, where a
portion (set according to the chosen violation fatethe comparable Experiment | runs) of the
vehicles falling within Class 6 are reclassifieddanClass 7, representing an increase in HOT
lane users and decrease in GP lane use. Clasgs/ uskke Class 5 users, will not cross the
buffer separating the GP lanes from the HOT lane.

The impact on safety of violation maneuvers camsthbe ascertained through the
comparison of traffic speed contour maps develdpaah runs in Experiments | and Il for a
given violation rate.

Because violators (i.e. those vehicles reclassffieth Class 6 to Class 5 in Experiment |)
move back and forth between the HOT and GP lahesnpact on traffic volume of these lanes
is split. Thus, reclassification rates employedarmigxperiment Il were set to achieve the same
level change in volume split between the managed@A lanes as results from each violation
rate (and hence, reclassification level setting) iseExperiment |. That is, for example, a
violation rate setting of 5% in Experiment | result a 3% increase in traffic volume in the HOT
lane. Thus, in Experiment Il, 3% of the vehicle€ilass 6 are reclassified into Class 7 to achieve
the same change in volume between lanes that aebPassification of vehicles in Class 6 to

Class 5 achieves.
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Three traffic demand levels were considered in ¢periments: 2006 survey data
provided by MSHA, 2006+200 vehicles per lane parrt@plph) and 2006+400 vplph. To create
the traffic speed contour maps, 83 detectors wepogled at intervals of 500 feet within the
simulation platform. Average speeds by lane typksegment were computed every 30 seconds.
Four speed difference (SD) thresholds (20, 25, 3), were tested. The selection of these
threshold values was based on suggested speetkndiifé settings employed by Bertini et al.
(2008) for bottleneck identification (i.e. 20 milpsr hour (mph)) and Quiroga et al. (2005) for
incident alarm (i.e. 25 to 45 mph).

Each VISSIM model run, involving the setting of ktion rate, demand level, and seed
value, entailed 5,400 seconds of simulation tirnefirst 1,800 seconds of which was considered
as the warm-up period. Average results when pravidee based on the 3,600 seconds of
simulation run time after warm-up period. Each miade was conducted 10 times with different
random seeds. The average number of the HaTSShw/&0 runs was computed and is reported

subsequently herein.

7.3.2 Analysis of Results

A total of 300 runs under Experiment | and Il we@nducted, and 600 contour maps were
created and analyzed. Results of these experirmentshown in Table 7-2.

Results of Experiment | indicate that the HaTSS Hlaie safety index increases
non-linearly with increasing violation rate. Theste of growth in the safety index also increases
with congestion level for the levels tested. Iniadd, the average segment travel time within the
HOT lane increased with increasing violation rathile the HaTSS GP lane safety index was
noted to decrease with increasing violation raset pf the potential improvement due to reduced

traffic demand was lost as a consequence of inedeesngestion due to the effects of queuing
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behind vehicles maneuvering to avoid toll payment.

If these results were due to a shift in trafficvieetn the GP and managed lanes (and not
necessarily due to the actual violation maneuvéritingn the results from Experiment Il should
be nearly identical to those obtained from Expentrleruns. Through a comparison of results
from these two sets of experiments, one can sedhbaviolation maneuvering alone accounts

for significant increase in HaTSS HOT safety indice

Table 7-2: Performance along concurrent flow lanes

EXPERIMENT I: WITH VIOLATION
HOT lane GP lane
Volume | V.R. 20 SD 25 SD 30 SD 35 SD travel time 20SD | 25SD | 30SD | 35SD travel time

0% 3 1 0 0 500.9 268 141 46 9 719.3

5% 6 1 0 0 515.9 217 106 38 6 756.7

szuoregy 0% | 15 5 2 0 522.0 175 76 22 3 852.6
15% | 68 28 9 1 560.9 145 58 16 1 990.3

20% | 193 82 26 5 711.6 146 50 10 1 1103.1

0% 6 2 1 0 527.2 387 192 61 9 903.4

5% 11 0 532.2 260 122 36 5 853.4

2383%« 0% | 21 8 0 546.7 179 73 19 1 948.1
15% | 66 27 0 504.3 175 62 12 1 1153.6

20% || 228 101 28 5 750.4 159 53 9 0 1288.7

0% 14 6 1 584.4 202 95 29 3 1198.2

5% 16 7 1 588.8 190 84 22 2 1212.2

4(2)8?/%;?, 0% | 27 11 1 604.8 141 54 10 1 1201.4
15% | 59 25 7 2 637.8 118 41 1 1274.1

20% || 214 95 31 4 782.4 139 47 7 0 1404.6

EXPERIMENT II: WITHOUT VIOLATION
HOT lang HOT lane GP lane
Volume I\;‘c"rfgsee 20SD | 25SD | 30SD | 35SD | traveltime || 20SD | 25SD | 30SD | 35SD | travel time

0% 3 1 0 0 509.9 268 141 46 9 719.3

3% 5 2 0 0 513.0 240 125 43 8 717.4

szuoregy 5% 9 3 1 1 515.8 249 126 39 5 729.0
7.5% 11 4 1 0 519.4 246 118 38 6 737.1

9% 14 5 1 0 05 272 132 38 7 740.6

0% 6 2 1 0 527.2 387 192 61 9 903.4

3% 8 3 1 0 534.6 328 154 49 7 889.0

2(2)8?/?);) 5% 10 3 0 0 534.1 331 157 45 7 899.1
7.5% 17 6 1 0 542.0 332 159 50 5 920.0

9% 21 9 2 1 542.9 335 158 47 6 921.3

0% 14 6 2 1 584.4 202 95 29 3 1198.2

2006 + 2% 13 5 1 0 588.5 186 84 27 6 1209.6
260 vl 5% 15 5 1 0 596.9 175 81 25 2 1230.1
PP 596 16 5 2 0 600.5 151 64 19 2 1240.6
9% 24 9 2 1 603.0 174 78 23 5 1243.6
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This comparison of results between the two experimalso indicates that the actual
violation maneuvering results in increased avetegesl time within the HOT lane. For example,
increasing the violation rate from 0 to 20% resliitea change from 510 to 712 seconds (i.e. by
202 seconds) in average travel time over the saviensegment for 2006 survey level demand
under Experiment I, and a change of only 13 secamiter Experiment Il for a comparable
change of reclassification of vehicle classes ffbto 9%. Additionally, it appears that queuing
within the GP lanes that results as a consequenhtigoviolation maneuvers also significantly
impacts the average travel time within the GP laiiég average travel time along the GP lanes
of the roadway segment under 2006 survey level ddmmcreases from 719 to 1103 seconds (i.e.
by 384 seconds) under Experiment |, while it remaiearly unchanged at the comparable 9%
decrease of traffic demand level for ExperimenfHus, violation maneuvers lead to significant
increase in congestion.

The parabolic relationship between safety and estign that was hypothesized in
earlier works mentioned previously appears to be &s one can note from the plotting of the
HaTSS safety indices against segment travel timgufeogate for congestion) obtained in all

runs of both experiments (Figure 7-3).
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Figure 7-3: Plotting total number of HaTSS vs. segniravel time
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7.4 Summary

Results of simulation experiments corroborate thipothesis given herein that illegal traffic
maneuvers between managed and GP lanes operatiograntly contribute to increased speed
variation and congestion, factors affecting saféefjpe proposed methodology has wider

application for traffic safety analysis, as well.
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Chapter 8: Exploiting Capacity of Managed Lanesin

Diverting Traffic around an Incident

8.1 Introduction

Traffic demand, and thus congestion, has been®ngth world-wide, particularly in and around
the world’s metropolitan areas, for decades arglttend is expected to continue in coming yeatr.
Simultaneously, in the United States (U.S.), neadweay construction is losing favor. Thus, it is
of even greater import than in the past that ogredp establish mechanisms to exploit existing
roadway capacity to cope with increasing congestidoncurrent flow lane operations along
freeways, consisting of one or more managed lanéseaveral general purpose (GP) lanes, have
been proposed as a possible solution to achieve gftactive use of existing roadway capacity.
Managed lanes, such as High Occupancy Vehicle (H@ws and Express Toll Lanes (ETLS),
or similarly functioning High Occupancy Toll (HOTanes, are restricted to qualified vehicles
while GP lanes are free of such use limitationsoAgithe managed lane types, HOV lanes have
been part of the roadway landscape for the pastawbree decades; only recently, however,
perhaps due to improvements in required technaofgietoll collection, have HOT lanes been
thought of as a viable option. Currently, many etaare adding new HOT lane facilities or
converting HOV lane facilities to HOT lanes. As sl studies have demonstrated, managed
lanes have the benefits of offering reduced tréweé and improved trip reliability in terms of
mobility to motorists.

Traffic incidents, such as accidents involving dlision or stalled vehicles, along any

freeway system are unavoidable and can cause vgnjfficant delays. Freeways operating
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concurrent flow lanes are no exception. In factth@in et al. (2004) noted an increase in
incident rates by 41% and 56% associated withsiotis involving injury along IH-635 and the
northern corridor of IH-35E in Texas, respectivelth the introduction of non-barrier separated,
limited access HOV lanes. Poor handling of incidemh roadways operating concurrent flow
lanes will undermine public support for these fiies and can jeopardize revenues. Thus, traffic
incident management (TIM) programs relying on sgas involving traffic diversion, freeway
service patrol, and variable message signing, fiigating the impact of incidents arising in
facilities with managed lanes are important. Desfits, TIM programs designed specifically for
concurrent flow lane operations have receivedeliittention in the literature. The Texas
Transportation Institute conducted a survey ofestditthe-practice TIM programs designed for
facilities with managed lanes across the nation amtbmmended several strategies for
addressing incidents in these facilities. Thesatesgies are listed in Table 8-1 (Cothron et al.,
2004). Potential effects in mitigating travel delfrigm implementing any of these proposed
strategies are also synthesized in the table. Thppeoaches, by and large, have not been
guantitatively analyzed for their ability to mitigaincident impacts. Moreover, while studies of
TIM programs designed for freeways are commonpléte,analyses of similar programs for

facilities with managed lanes are rare.

Table 8-1: Incident management tools for managee éand potential effects

Incident M anagement Srategies (TTI, 2004) Potential Effects
GP traffic diversion into managed lanes Balance traffic deraadduse extra capacity on the HQT
lane to mitigate incident impact
Pre-positioned response crews Reduce incident duration

Blocking a managed lane to create a safe work arga Reduce incidsidrdand reduce capacity

Mutual aid agreements between managed lane| &etuce incident duration
GP lane agencies

Public notification of incidents Reduce traffic demand atbimcident scene

Incident responder access path to incident scene Reduce incidsiardur
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This chapter studies the potential benefits ofitrafiversion in incident management for
freeway operations of concurrent flow lane fa@bti Specifically, savings in average travel time
from exploiting the capacity of managed lanes weding traffic around an incident arising in
the GP lanes are quantified. Barrier and nonbaseparated facilities are considered. In barrier
separated facilities, entry into the managed Igng(®stricted to predetermined access points. In
a non-barrier separated system, under normal opesatqualified vehicles (e.g. HOV 2+) can
access the managed lane without restriction (oatimuous access) or at designated access
points when acess is limited through buffer sepamadelineated by white lines. Such nonbarrier
separation techniques are used where the necessarg required for physical barrier separation
and police activities required for enforcement lareted or the construction and maintenance
costs of such barriers are prohibitive (see Miliemks et al., 2009 for additional detail). A
non-barrier separation technique provides the dppiy for temporarily lifting managed lane
regulations and/or buffer marking restrictions iivedting non-HOV/HOT compliant traffic
between GP and managed lanes to relieve inciddateéd congestion. Thus, traffic can be
diverted into the managed lane(s) either by wageasignated access points or by crossing the
buffer at a more convenient location, presumaldy yystream of the incident scene.

As diverting traffic into a managed lane will dedeaits performance, trade-offs in
overall system performance and the performancéd@fntanaged lane must be understood. It
appears that no prior study has quantified thenieiempact of such a diversion strategy along
freeways operating managed lanes.

A simulation-based evaluation platform was devetbp&he platform employs PTV
America's VISSIM (version 5.2) software, a micrmsiation tool for traffic operations

modeling. Techniques were created employing VISSIBomponent Object Module (COM)
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interface to overcome deficiencies in modelingdecits and possible diversion implementations.
The potential for mobility improvement in GP lareessa consequence of diverting traffic around
an incident using existing managed lanes and regudegradation in managed lane performance
is considered on a case study. The case study adkestage of a previously developed and fully
calibrated model of a proposed managed lane faa@libtng a segment of 1-270 in Maryland.
Under a spectrum of incident properties and prengiraffic conditions, the effects of diversion
in terms of savings in average travel time in tHe I&nhes and resulting degradation in service
levels incurred by traffic using the managed lawese quantified and trade-offs were assessed
through numerical experiments. This chapter dessrithe evaluation platform, experimental

design and results and findings from experimentasr

8.2 Literature Review

When incidents occur that severely limit roadwapazdty, many motorists will seek alternative
routes in an effort to avoid the incident scenérmation can be provided to the motorist to aid
motorists in locating alternative routes with begtervice. Preplanned diversion strategies typicall
utilize parallel arterials. In some locations (elgxas, Virginia, Maryland, and Minnesota),
diversion strategies include the use of HOV or Hankes (Hoppers et al., 1999). Dunn et al. (1999)
conducted a survey of freeway operators in sevaedes within the United States. Details of
various types of diversion scenarios, planning gsees, selection criteria for choosing alternative
routes, deployment decisions for diversion straggmethods to detect incidents, resources to
inform and guide motorists, and satisfaction asdedi with route diversion strategies across the
nation gleaned from the surveys are presentedein wWork. Although diverting traffic to arterial

roads has been extensively studied (e.g. CraggDemadetsky, 1995; Zhou, 2008), analyses of
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diversion strategies that employ managed lanescaree.

The decision to open a managed lane to generdictrafgardless of the purpose is
complex. Hoppers et al. (1999) interviewed six nggohlane operation agencies about the
possibility of opening managed lanes to generdiicralrhe agencies identified issues related to
agency policy, motorist information and public guemce that would be difficult to overcome
should such diversion strategies be considereds,Tiese system operators only opened the
managed lane to general traffic a few times a yesesponse to incidents. Hoppers et al. present
criteria involving incident severity, time-of-daynpact on main lane traffic, and availability of
alternative routes for consideration in making sdofersion decisions. Similarly, Fenno et al.
(2006) suggest a series of factors, including tb&ime to capacity (V/C) ratio along the
managed lane, time-of-day, traffic volume alongl&tes, and incident properties (duration and
number of lanes blocked) that can be used in maliicy decisions. They suggest that diversion
is warranted under high levels of congestion alinegGP lanes given that there is no more than
20 vehicles per lane per minute in the managed(darend the incident lasts 30 minutes or
longer. However, no quantitative analyses were gotedl to support the suggestions. Both
works consider only barrier-separated systems iictwbeneral traffic can be diverted into the
managed lane only at designated access points.

These prior studies are qualitative in nature. &heave been, however, studies that
guantify the impact of traffic diversion to altetaaoutes. A number of prior studies employed
microsimulation tools, such as CORSIM, to analyze impact of diverting traffic from the
freeway to a parallel or alternative arterial stieean effort to mitigate the impact of an incitlen
See, for example, works by Zhou (2008) and Cragh@emetsky (1995). Modeling techniques

used to carry out these studies do not apply wtadinctis to be diverted across a buffer or where
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issues of vehicle class and lane-use permissiae.afihis gap will be addressed herein. The
authors know of no other studies that have soughfuantify and systematically study the

potential of diversion strategies that exploit capeof existing managed lanes.

8.3 Diversion Strategiesthat Exploit Capacity of Managed L anes

In creating a diversion strategy that exploits cétgaf managed lanes for use in the event of an
incident, several characteristics of the strategystnmbe specified. These include: relaxing
regulations so as to permit additional vehicle s#gsto use the managed lane(s) during the
diversion period (diversion permitted vehicles)fimiag or redefining access locations between
adjacent GP lane and the managed lane(s), whematfeet vehicles can freely merge in and out
(diversion access locations); and the time periaihd which diversion into the managed lane(s)

is permitted (diversion period).

8.3.1 Relaxing Managed L ane Regulations

In managed lane systems, lane usage is regulatédebyumber of occupants in each vehicle
(usually requiring two or more occupants) and viehtgpe (passenger vehicle as opposed to
truck). In managed lane systems operating HOT |agiagle occupant vehicles (SOVs) can use
the managed lane(s) by paying a toll. The rulegdgulating the use of the managed lane often
depend on the severity of pre-incident traffic cestgpn along the roadway. The worse the
congestion, the more limiting the relaxation inukagions will need to be. Diversion strategies

can, thus, permit all vehicles to use the managed br limit those for whom the restrictions

will be lifted.
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8.3.2 Defining a Space for Diversion

The simplest approach to setting diversion accesatibns is to maintain standard access
regulations (i.e. the same structure for accesexasts under pre-incident conditions). In
non-barrier separated facilities, it is possiblectmsider more flexible design in setting the
access locations during diversion. One possibisitip allow access to the managed lane(s) as if
the facility supports continuous access, permittiaicles to cross the buffer between GP and
managed lanes along a designated stretch of roa(gvgythe closest upstream standard access
point and the location of the incident). The impémation of such strategies will require the

assistance of police officers, incident managerperdgonnel, and/or proper signing.

8.3.3 Defining the Diversion Period

The time period following an incident is often deised as consisting of verification, response,
clearance and recovery phases. Additionally, sé@agement and traffic management/motorist
information periods are defined over portions st phases. This time period is depicted in
Figure 8-1 (FWHA, 2003). The completion of each ggh& typically recorded by the use of
timestamps. The diversion period should, at a mimmthe site management period. It can be

extended until pre-incident traffic conditions aestored.
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Figure 8-1: Incident and TIM program timeline (soeirFHWA, 2003)
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8.4 Simulating Incidents and Diversion Maneuvers

The VISSIM simulation software employed within tisisidy is a powerful microsimulation tool
that through its COM (PTV, 2009 b) interface pesrgreat flexibility in controlling various
aspects of the simulation environment. In this ieactsteps taken to model incidents and
implementation of studied diversion strategiesdescribed. Particular attention is paid to those
aspects requiring a certain level of ingenuity indel development. These aspects relate to
control of the time of incident occurrence, modglwf the so-called rubber-necking effect for
traffic in unaffected travel lanes in the vicinity the incident, and implementation of access

limitation restriction lifting for diversion applation during limited time periods.

8.4.1 Time of Incident Occurrence

The VISSIM software package does not have a speafident function and its user manual
does not discuss modeling of incidents. However,ube of a “Parking Event” is suggested as a
special modeling example that is provided with sb#ware package (see PTV training example
for detail). Following the demonstrated approaalg simulation entities are employed: “Parking
Lot” and “Route Decision.” Prior to running the neda Parking Lot including one space must
be placed at the location of a potential incidehé (ncident scene) and a Route Decision must
be set to send an approaching vehicle to the sjfacere than one lane is to be blocked by the
incident, multiple Parking Lots must be createde Window of time during which the Parking
Lot will be present must be predefined. This appho@® modeling incidents has been adopted in
a number of studies, including, for example, stsidig (Wang et al. 2008; Hadi et al. 2007,
Pulugurtha, et al., 2002). As noted by Hadi et(a007) and Pulugurtha et al. (2002), this

approach has deficiencies. Specifically, by thigrapch, the time of “incident” onset depends on
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the decision of a vehicle to enter the parking Tdtus, the exact time of incident occurrence
cannot be controlled and no timestamp is recordmd thie incident occurrence. This is
problematic for this study, because the incidentebrtime triggers a number of additional
processes, including rubbernecking and diversioat, tequire a specific start time, even if only
set after the incident arises.

Rather than use the Parking Lot approach to intideraeling, an alternative approach is
adopted herein. This approach uses the “Addvehittl@ttion that exists within the COM
interface. This function allows users to create erdove a vehicle at a specific point in time
and at a chosen location. To replicate an inciaetit this function, a vehicle is created with a
speed of zero. The vehicle is set to be placelemtodel at the incident location at the chosen
time of incident onset. It is set to be removethatend of the clearance phase. The period during
which the vehicle with zero speed is present isrretl to as the "incident active" period. To
replicate an incident with two or more lanes blatkaultiple vehicles can be added to adjacent
lanes with the same time of placement and remoMat length of roadway blocked by the
incident can be controlled by setting the lengthhef vehicle accordingly. Moreover, changes in

the number of lanes blocked over the incident domatan be easily modeled.

8.4.2 Rubbernecking

VISSIM offers a “Reduced Speed Area” function foodrling the effects of rubbernecking in

adjacent travel lanes to an incident. The speedevaiithin this area is appropriately set. This
function has been successfully used in other ssudinethis study, however, the “Reduced Speed
Area” function must be synchronized with the incileccurrence, as the incident occurrence is

set for only a portion of the simulation period.eT¥ISSIM “Reduced Speed Area” function if
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used must be applied over the entire simulatiorogdeifo permit the speed to change over the
simulation period so as to be reduced only durggincident period, the speed value within the
Reduced Speed Area can be set to free-flow spefmiebthe incident occurs and after the
incident is cleared, and to the reduced value dutire incident with the use of the COM
interface. Specifically, the slower speed valusdasto “active” when applicable and “inactive”
otherwise. When inactive, free flow speeds are taaiad.

In this study, a Reduced Speed Area of 500 feetnetitg from the beginning of the
incident scene upstream is employed as recommeindét guidelines for emergency traffic
control (University of Kentucky, 2006). A speed2tf miles per hour for the active period is used
in all lanes in the Reduced Speed Area consistatit gettings of reduced speed values
suggested by Hadi et al. (2007) needed to replicapacity reduction due to incidents along

freeways.

8.4.3 Diversion

Techniques introduced in Miller-Hooks et al. (20@@Qd Chou et al. (2010) to model non-barrier
separated concurrent flow lane operations anadjfof buffer crossing restrictions to replicate
violators are applied herein. In these works, tepas are described that can be used to restrict
the use of the managed lanes to only a portiohefraffic and to model violators that cross into
the managed lanes at locations where such crossimgt permitted. These techniques rely
heavily on "Lane Closure" and "Vehicle Type" fuocts available in VISSIM. A similar
modeling approach is adopted in this study with safterations.

When the managed lane is open to general traffis,treated as a GP lane. Vehicles will

choose to use the managed lane or other GP lased ba the relative performance of all lanes.
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Additionally, the opening and closing of the mardhtgne to general traffic is set for a specified
period (the active period) associated with the oerce of the incident. The timing for "Lane
Closure" settings associated with the appropriatgign of the managed lane is controlled
through the use of the COM interface and is setcur in line with the incident duration (the
active period) and diversion strategy. Once theamt has been cleared and the incident active
period has elapsed, "Lane Closure" properties &gsdcwith each "Vehicle Type" are restored
to pre-incident settings. GP lane users are forget of the managed lane immediately
downstream of the incident, or at the first acqesat downstream of the incident under limited
access scenarios.

To model the access point diversion strategy asdrerthat the GP lane users diverted to
managed lanes between access points will travahatppropriate speed, the segment of the
managed lane between the affected access pointshetieated as a separate link. No changes
to other properties, e.g. “Lane Closure” or “Vehiglype” are required.

A timeline along which actions taken to replicateident occurrence, rubbernecking
effects, and diversion strategy implementationrésented in Figure 8-2.

Before incident occurrence Incident active i After incident occurrence

>
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SeATTC

VISSIM Start i : VISSIM End
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predefined location
(incident scene) with
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* Inactivate Reduced

Functions provided zero speed Speed Area
through COM interface ) * Reduced Speed Area « Restore pre-incident
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- Lane Closure properties
« Configure Lane Closure by Vehicle Tvoe
\ properties by Vehicle y P

Type for applied
diversion strategy

Figure 8-2: COM interface interacting VISSIM model
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8.5 Case Study

The potential benefits of diversion strategies tgploit the use of capacity in the managed
lane(s) for drivers in the GP lanes, and the pa@kmplications for managed lane performance,
are investigated through a simulation-based stdidystretch of I-270 in Maryland. This stretch
of roadway includes an operating, continuous-acd¢®¥ lane. The State of Maryland is
considering several alternative HOT lane converglesigns. In this investigation, one such

design is adopted.

8.5.1 Study Site

The case study involves the southbound lanes @vansmile (39,952 feet) stretch of 1-270 in
Maryland. Morning peak hours of operation are aber@d. As depicted in Figure 8-3, the [-270
corridor is an important conduit for traffic entegithe Washington Beltway, which feeds Washington,
D.C. and business districts in Virginia and MargaA previously developed and calibrated model of
this roadway segment with existing HOV lane fagititovides a base for this case study.

An alternative to HOV operations is under consitienathat involves the conversion of the
existing, continuous-access HOV lane to a singhtdd access HOT lane separated from the GP
lanes by a buffer. This alternative design, modetegchniques employed, and calibration results
obtained are described in (Miller-Hooks et al., @00Traffic demand, vehicle occupancy and
composition data were provided by Maryland Stagghkiay Administration and are also described
in this earlier work. Vehicle classes with restaos on HOT lane use were established. Eight such
classes were created as listed in Figure 8-3b. tiateClass 5 is meant to replicate single occupant
vehicles that illegally use the HOT lane. For thepoese of this study, it is assumed that no

vehicles fall within this class.
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: . ,".:.\.",
Vehicle | Vehicle using | composition
D
: Class Type Occupancy | HOT (%)
lane?
Class 1 truck 1 no 0.053
o Class 2 truck 1 yes 0.000
ot RIS YT Class 3 bus 2+ no 0.003
Potential Access Points - § Class 4 bus 2+ yes 0.001
i e SRR Class 5| passenger car 1 yes 0.000
2 s Class 6| passenger car 1 ng 0.703
= ;=% || Class 7| passenger car 2+ yes 0.188
e RN Class 8| passenger car 2+ ng 0.047
IRY R =HEN )
8-3a Study Area 8-3b Traffic Composition

Figure 8-3: Study area and vehicle classification

8.5.2 Experimental Design

The impact on mobility of diverting traffic from GRnes into the managed lane of specified
diversion strategies is studied through extensimlgition runs on the case study. Numerous
incident scenarios were systematically defined dgperimental testing. Three factors were
considered in creating these scenarios. Thesersactclude: incident location along the length
of roadway, number and identification of lanes kkmt; and incident duration. Three incident
locations (X, Y and Z) between the second and hire access points are considered. For each
location, five settings in terms of number and cbaf lanes blocked are studied (A, B, C, D and
E). 10-, 20- and 30-minute incident durations ame Additionally, three diversion strategies are
considered (P: no diversion, Q: access point diwerR: continuous diversion). All diversion
strategies apply to the roadway segment betweersd¢bhend and third access points. Factors
contributing to incident scenario definition alongith the various diversion strategy
implementations are depicted in Figure 8-4. 135 lboations of incident scenarios and
diversion strategy implementations are considered.

For each combination of factors, 10 simulation raress made, each with a different seed
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value. The same set of 10 randomly selected seedssad for each scenario. Parameters, such
as those related to car-following and lane chandpabavior, determined through extensive
calibration efforts mentioned previously, and othgrut data, including turning rates and 2006
a.m. peak traffic volume levels, obtained througidfsurveys as described in (Miller-Hooks et
al., 2009), were employed herein and set identicadfoss all simulation runs.

It should be noted that the experimental desigsiypres that diversion strategies are of
interest under congested periods as suggesteck iltehature. Fenno et al. (2006) recommend
that such diversion strategies be employed ontlgafincident if of a duration of 30 minutes or
longer and blocks more than one lane for a roadwtythree GP lanes. These experiments are

designed to assess the veracity of these recomitiemsla
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Figure 8-4: Incident scenario factors

168



One run of the VISSIM model for a given incidentsario and seed involves 5,400
seconds of simulation time, the first 1,800 secooidsvhich was considered as the warm-up
period. Incidents are designed so as to occur #feeisimulation warm-up period, after 2,000
seconds of simulation time. Average results wheovided, unless otherwise specified, are
hourly averages based on the 3,600 seconds ofaiomlrun time from each of the ten runs. A
total of 1,350 simulation runs were conducted. Bachrequired approximately 6 minutes on a
Dell Precision T7500 personal computer with a 3g§ahertz quad core processor, and 12
gigabytes of RAM, running the 64 bit Windows 7 agerg system. A Visual Basic for
Applications (VBA) code was developed to enableclatins and automate the process of data

collection for analysis.

8.5.3 Analysis of Results

To assess the impact of traffic diversion on penfamce in the managed or GP lanes, the average
travel time incurred by those vehicles traversing éntire length of the managed or GP lane in
the study area was computed. Results are catedobygancident duration and performance
along either the managed lane (Figures 8-5a ~ &bdpP lanes (Figures 8-5d ~ 8-5e) as
depicted in Figure 8-5. Diversion strategies arengared by considering the percentage

difference between incurred travel times as givenable 8-2.

169



Average segment travel time along

Average segment travel time along

(managed lane) (GPlane)
Location X Location Y Location Z Location X Location Y Location Z

1000 - ~ - 7 ~ - i ~ 1800 7 *

950 ; ; 1700 T

900 j j 1600

850 : : 1500

800 T T ig%
— 1 1
3750 i i 51200
£.700 T T $1100 =
2 650 21000
F 600 = 900
T 550 T 800 et
= 500 @ 700 ; - - :

A B CDE A B CDE A,B,C D Eg - A B CDE A B CDE A B,C D E

Lane Blockage

P:No Diversion [ Q: Access Point Diversion [ R: Continuous Diversion

Lane Blockage

P:No Diversion B Q: Access Point Diversion [ R: Continuous Diversion

8-5a: 10 minutes incident duration

8-5d: 10 minutes incident duration

(managed lane) (GPlane)
Location X i i Location X i i
1000 - Locatign Y Locan/o\n z 1800 to Locat/'gn Y Locan)o\n z
95 0 ~ N ~N Y 1700 N i Y
| | 1 ]
900 T T 1600 1 1
850 : : 1500 T 1
800 i i fpd | |
8 750 + t _ | |
% 700 1 _| O $1200 il T
® N | ny 21100 ol [1 SIS
E 650 - — . o[t T b 21000 o
= 600 R b W = 900 |
& 550 o b T 800 a
E 500 el [ ) [ HEL AN NS0 & 700 i,

A B C D E A B CcC D E
Lane Blockage

A 1B C D,E g

P:No Diversion [#l Q: Access Point Diversion [ R: Continuous Diversion

A B C D E A B C D E A B ) C D  E 5
: Lane Blockage - 0 =~

P: No Diversion H Q: Access Point Diversion [ R: Continuous Diversion

8-5b: 20 minutes incident duration

8-5e: 20 minutes incident duration

(managed lane) (GPlane)
Location X i i !
1000 T, A Locatlgn M Locatljo\n z 1800 LOcalic:n X Locatlgn Y Locati)o\n A
l N N Y
950 I I 1700 = - e >
900 t t 1600 | |
850 | : 1500 o :
L H o 1400
asgg - | . 1300 i ! :
% 700 " $1200 o ot -
@ ] o . £1100 - ali e
£ 0 : o . 21000 " -
3 20 I f " . = 900 "
I WAL
s oo [ L ool [ LR S L b & 700
A B C D E A B CDE A|B>C D.E5 A B ¢ D E A B CDE A,B,C D, 6 Eg
Lane Blockaae Lane Blockage
P:No Diversion K Q: Access Point Diversion [ R: Continuous Diversion P:No Diversion B Q: Access Point Diversion [ R: Continuous Diversion

8-5¢: 30 minutes incident duration
(managed lane)

8-5f: 30 minutes incident duration
(GPlane)

Figure 8-5: Average travel time along managed aRdaBes under varying scenarios

170




Table 8-2: Average travel time differences as aqarbetween pairs of diversion strategies
under varying incident scenarios

Diversion Incident duration: 10 minutes Incident duration: 20 ne@sut Incident duration: 30 minutgs
Cfrt;;;er?gon HOT Lane GP Lane HOT Lane GP Lane HOT Lafje GP Lafle
rravel Time | LY T VIRV
Changeit) | o | R [R| Q| R|R|OQO|R|R|Q|R|R|Q|R|R|OQ]|RI[R

LB.A| 20| 02| -1.8] -8.7 -12p36| 20| 07| -1.d -14B-55| 108| 2.7 | -0.3| -2.9] 206 4.7 | 204
 [LB.B| 25| 04| 29| -75| 204140 47 | 20| 25 13.0-22.2|-10.7| 7.1 | 3.7| 3.2 17.71-23.7| 7.2
LOC;t'on LB.C| 33| 06| 25 6.7 20p-144] 61| 32| 2.7| -12.8-22.8| -11.9] 92 | 59| 3.0 -17.6-24.6| 8.5
LB.D| 32| 07| 24 -85 -15f78| 52| 41| -1.d 134163 | 83| 86| 54 -3.0 -13)870] 7.9

LB.E| 46| 11| 34 -05 -21.8136|101| 42| 53| -15.-23.9| -105| 14.2| 6.8 | -6.5| -164 -20.8 5.2

LB.A| 0.7 -1.6| 2.3| -10.4 20.6| -11.3] 0.7 | -1.2| -1.8| -16922.4] 7.7 | 1.0| 0.7 -1 -205253|-6.0
 [LB.B|07] 1.3 20| -10.3 -19.6|-10.3| 05 | -1.0| -1.5| -15.9-22.4] 7.7 | 1.3| 02| -1.1 -20.5-256| 6.6
Locf;mon LB.C| 06| 11| -1.7] -102-189] -9.7| 1.1| 03| -0.4 -155210| -6.4| 15| 1.2| -04 -20p-24.0]-5.0
LB.D| 14| 1.9]| 06| 122202 91| 61| 104 4.0 | -16.9 23.0| -7.3 | 10.2| 20.9] 9.7 | -20.0 -24.7| 5.9

LB.E| 23] 36| 13| -99 -195107| 69| 142 6.8 | -16.8 -22.5| -6.9 | 12.5 28.7| 14.4| 20.2| -23.6| -4.3

LB.A| 14| 01| -1.5| -10.4-19.9| -105] 2.9 | 2.7| -0.2] -156922.6] 79| 56| 81| 2.3 -19526.0| 8.0
 [LB.B| 14| 03] 16| -104 204|-112| 31| 35| 04| -154-225| 84| 60| 99| 3.7] 200-262| 7.7
Locgt'on LB.C| 14| 08| 06 -10.0-188| -9.7| 30| 51| 2.1 -151-22.1| -82| 64| 12.14 54 | -19.1 -25.8| -8.3
LB.D| 19| 25| 06| 9.9 -14554| 6.7 94| 2.5 -15p-18.3| 3.0 | 185/ 27.9| 7.9 | -17.6 -22.5| 5.9

LB.E| 24| 56| 31| -105-17.2| -7.4| 86| 195 10.1|-14.8| -21.0| 7.2 | 18.3 45.3| 22.8| -18.8| -23.5| 5.8

Results of the experiments show that when no dweisirategy is employed in the event
of an incident, average travel times in the mandgeds are significantly lower than in the GP
lanes. Figure 8-5 shows that this difference inraye travel time ranges from a minimum of
26% when an incident of 30 minutes in duration og@t location Y blocking one lane (i.e. type
B) to a maximum of 171% when an incident of 30 nesuin duration arises at location Z
blocking two lanes (i.e. type E). The simulatiorrsario with no diversion strategy provides a

base case for comparison with other diversioneggras.

8.5.3.1 Continuous Diversion Strategy

A continuous diversion strategy is shown to prodsigaificant benefit for GP lane users across
all incident scenarios tested in this study. Thiategy permits vehicles to divert to the managed
lane immediately after detecting queue formatiothas GP lanes resulting from the incident and

presumes that these vehicles will be forced to mbagk into GP lane after passing the incident

171



scene. The charts of Figure 8-5 indicate that suchversion strategy consistently results in
lower average GP-lane travel times as compared matldiversion and access point diversion
strategies under identical incident scenarios. @gethe managed lane significantly increases
discharge capacity at the incident scene and sgves 26% in average segment travel time as
compared with the case in which no diversion stpatis implemented. For instance, when an
incident occurs with a duration of 30 minutes thiatcks one lane (i.e. type B) at location Z, a
26.2% reduction in average GP-lane travel timeaga (see P-R column in Table 8-2). An
average (over types A, B and C) reduction of 21%awerage GP-lane travel time can be
achieved when one lane is blocked by an incidemis figure is 19% savings in average GP-lane
travel time when two lanes are blocked (types DE&nd

Among the 27 incident scenarios tested in whicly onke lane is blocked, in 25 (i.e. 93%)
the continuous diversion strategy saves greater @6 of average GP-lane travel time as
compared with the no diversion strategy implemématase. In 24 of these 27 scenarios (i.e.
89%) a savings of 15% in average GP-lane travet tisnachieved. And, in 20 of these 27
scenarios (i.e. 74%), a savings of at least 20&vé@rage GP-lane travel time is noted. When two
lanes are blocked by the incident, the improvensert/en greater. Of the 18 scenarios in which
two lanes are blocked, 16 (or 89%) lead to a savingaverage GP-lane travel time of greater
than 10%, 15 (or 83%) lead to a savings of grethar 15% and 11 (or 61%) lead to a savings of

greater than 20%.

8.5.3.2 Access Point Diversion Strategy

The access point diversion strategy permits GP le®zs to divert to the managed lane(s) at

designated access points during the incident cleanahase (i.e. the active phase). The decisitm as
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whether or not to enter the managed lane(s) upstadfaan incident once restrictions are lifted
depend on whether or not the driver is affectethbigent-induced queues prior to an access point.

Results of the experiments showed that traffidhen GP lanes diverted to the managed lane
only when the incident-induced queue was at or theaaccess point immediately upstream of the
incident. When incidents arise at location Y andt Zakes time for the incident-induced queue to
extend to the upstream access point. Consequiiretlgumber of vehicles that divert to the managed
lane for incidents occurring at the location Xiieaer than for those incidents arising at locatign
and Z. For shorter duration incidents at locatigrend Z, queues due to the incident often do not
extend as far upstream as the access point. Tkehgles do not detect the incident until the
opportunity to enter the managed lane has passeth@ vehicle has passed the access point).

As shown in Figure 8-5, as a result of permit asgesnt diversion, an average reduction
of over 15% in average GP-lane travel time can dieezed when one lane is blocked by an
incident (under incident types A, B and C), regesdl of the incident location relative to the
access point opening. This figure is also 15% rednidn average GP-lane travel time for
incidents blocking two lanes (types D and E).

Among the 27 incident scenarios tested in whicly onke lane is blocked, in 24 (i.e. 89%)
the access point diversion strategy saves grelager 10% of average GP-lane travel time as
compared with the no diversion strategy implemématase. In 15 of these 27 scenarios (i.e.
56%), a savings of 15% in average GP-lane trawet tis achieved. And, in five of these 27
scenarios (i.e. 19%), a savings of at least 20%verage GP-lane travel time is noted. Of the 18
scenarios in which two lanes are blocked, 14 (d¥)/&ad to a savings in average GP-lane
travel time of greater than 10%, 8 (or 44%) lead &avings of greater than 15% and one (or 6%)

lead to a savings of greater than 20%.
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8.5.3.3 Effects on Managed Lane Users

Adverse effects on managed lane performance aectegas a consequence of opening the lane
to general traffic, as an increase in traffic dethdor the lane will result. Comparing the
performance between the two diversion strategisdied (i.e. Q-R comparison), the access point
diversion strategy leads to greater degradatiomanaged lane performance than does the
continuous diversion strategy in the majority af #b incident scenarios tested. Specifically, in
28 out of the 45 (or 62% of the) incident scenaribs increase in average travel time along the
managed lane was greater for the access pointsthverstrategy than for the continuous
diversion strategy. It should be noted that 15heke 28 incident scenarios involved an incident
at location X.

With a continuous diversion strategy implementgt@average managed lane travel times
increase by 0%, 2% and 4% when an incident blockedlane with a duration of 10, 20 and 30
minutes, respectively, and 3%, 10%, and 23% whennaident blocked two lanes with a
duration of 10, 20 and 30 minutes, respectivelythAn access point diversion strategy
implementation, these figures become to 2%, 3% 2#dwhen one lane is blocked with a
duration of 10, 20 and 30 minutes, respectively] 8fo, 7% and 14% when two lanes are
blocked with a duration of 10, 20, and 30 minutespectively. The degradation along the
managed lane due to traffic diversion from the &kes becomes particularly significant when

two lanes are blocked for 20 minutes or longer.

8.5.3.4 Trade-offs in Performance of Managed and GP Lanes

Trade-offs in terms of percentage increase in @etavel time for the managed lane users and

percentage decrease in average travel time forrglemmaffic are investigated by comparing the
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impact of access point and continuous diversicategiies against a do-nothing strategy (i.e. P-Q
and P-R comparisons). To facilitate this comparistable 8-3 provides an index of benefit
based on input from Table 8-2. This index is coraduby taking the difference between the
percentage decrease in average travel time alan@t lanes and the percentage increase in
average travel time along the managed lane dirg@tig might weight these percentage changes
by traffic volume or might compute the impact pesgenger rather than per vehicle. The index
is set to this difference if its value is positié@herwise, it is set to zero. A + sign indicatdsew

no detriment to the managed lane was noted. Thadenefits to the GP lane users outweigh the
negative impact to the managed lane users in timagdent scenarios in which the index has a

value greater than O or a + sign.

Table 8-3: Trade-off between managed and GP lanBsR and P-Q comparisons

P-R Comparison P-Q Comparison
Trade-off 10 minutes 20 minutes 30 minuteps 10 minutes 20 minytesO midutes
Index Index Index Index Index Index
L.B.A 0.12 0.05 + 0.07 0.13 0.18
, L.B.B + 0.20 0.20 0.05 0.08 0.11
LOC;“C’” LB.C 0.20 0.20 0.19 0.03 0.06 0.08
L.B.D 0.15 0.02 0.02 0.05 0.08 0.05
LB.E 0.21 0.20 0.14 0.05 0.05 0.02
L.B.A + + + 0.10 0.15 0.20
. L.B.B + + 0.25 0.10 0.15 0.19
Loc\i‘t'on LB.C + 0.21 0.23 0.10 0.15 0.18
L.B.D 0.18 0.13 0.04 0.11 0.11 0.10
LB.E 0.16 0.08 0 0.08 0.10 0.08
L.B.A + 0.20 0.18 0.09 0.13 0.14
. L.B.B + 0.19 0.16 0.09 0.12 0.14
Locémon L.B.C 0.18 0.17 0.14 0.09 0.12 0.13
L.B.D 0.12 0.09 0 0.08 0.09 0
LB.E 0.12 0.01 0 0.08 0.06 0.01

* + indicates that the average travel times fodailles improved as a result of diversion, and no
negative impact was noted on the managed lanes.

In a comparison of continuous versus no diversian P-R comparison), in only three
out of each of the relevant 45 incident scenaridstlie benefit to general traffic not outweigh

the cost to the managed lane users. In a compasisaccess point versus no diversion (i.e. P-Q

175



comparison), in only one out of each of the rel¢vén incident scenarios did the benefit to
general traffic not outweigh the cost to the madalgae users. In the former case, these three
incident scenarios involved type E incidents in ehhtwo lanes are blocked and an incident
duration of 30 minutes. In the latter case, the mw&lent was located at incident location Z
(furthest from the upstream access point). Agais scenario involved an incident with a
duration of 30 minutes. It is interesting to ndtattthe only case in which diversion's benefits
might be questioned based on this measure (assuraingr separation) is precisely the scenario
for which Fenno et al. (2006) would have recommeraigersion. Moreover, these experimental
results indicate that significant benefits may lohieved through diversion in the case of
incidents blocking only one lane and for short tiores, cases in which Fenno et al. would not
have recommended diversion.

Where nonbarrier separation techniques are deployed there is a choice between
continuous and access point diversion, which giyati® implement appears to be incident
scenario dependent. When the incident is shortthenorder of 10 minutes, the continuous
diversion strategy is notably better than the axgesnt diversion strategy. Given an incident
duration of 30 minutes, the continuous accesseglyabutperforms the access point diversion
strategy for all scenarios involving incidents dimg one lane and the reverse is true in all
scenarios but one when an incident blocks two lakésen two lanes of the GP lanes are
blocked, the demand for the managed lane is grédaaar when only one lane is blocked. The
access point diversion strategy reduces the opmtytior vehicles in the GP lanes to switch into
the managed lane, helping to maintain higher spedoisg the managed lane. In incident
scenarios involving One general benefit of a cardirs diversion strategy is that the benefits of

the strategy can be obtained immediately, regasdieshe relationship between queue detection
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and access point location. Observations from theaon in the simulation runs also indicate
that incident-induced queues are shorter when @ahéintious diversion strategy is employed as
compared with the access point diversion stratesgicing the time required for the restoration

of traffic conditions to pre-incident conditions.

8.6 Summary

This study quantifies the potential benefits animents of diverting general traffic into a mandge
lane when an incident arises along the GP landnigues that exploit the capabilities of the COM
interface of the microscopic simulation tool, VISSiwere devised for modeling freeway incidents
and diversion strategy implementations. Both cowtirs and access point diversion strategies were
evaluated using the developed simulation techniforegheir impacts on the mobility of general
traffic and managed lane users along a concuri@ntléne system on 1-270 in Maryland. Results
from systematically designed experiments showttieabenefit to general traffic due to a diversion
strategy is a function of several factors, inclgdihe relative location of the incident scene ® th
start point of the diversion strategy, total lengthaccess to the managed lane under the diversion
strategy, incident duration, and number of laneskad (i.e. incident severity). While degradation i
performance of the managed lanes was noted uriler diversion strategy, the benefits of diversion
to GP lane users appear to outweigh the detrinmemesms of added delay to managed lane users in
nearly all incident scenarios, including those inick only one lane is blocked. The benefits are
greatest under longer incident durations. Tradedsdfived from the performance difference between
managed and GP lane users with either a continmusccess point diversion strategy
implementation will be useful in determining undenat circumstances the benefits of diversion

warrant incurring added delays for managed lanesuse
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Additional strategies may be considered. For examphe might study the impact of
diverting GP-lane traffic into the managed landoattions prior to queue formation detection.
Decisions regarding the opening of a managed [ageneral traffic are complex. A system-wide
performance measure that combines quantitativeqaatitative measures may be developed to
facilitate such decisions.

This study assumes diversion to be effective imatetli after an incident occurs. In
reality, the implementation of a diversion strategll lag incident occurrence and depends on
the speed with which the responder arrives at tienes and comes to a decision to allow
diversion of general traffic into the managed Iahefdditional experiments can be run to assess
the impact of taking quick decisions to implemeintdsion. In addition to utilizing the managed
lane, a shoulder lane, when available, may promleessary capacity to handle traffic diverted
from the GP lanes in the event of an incident. $atmn techniques provided in this chapter can

be applied directly to study the potential of sli@uluse in incident management.
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Chapter 9 Conclusions and Extensions

9.1 Thesis Contributions and Benefits

Despite significant technological achievements qu&st decades, and institutional support for
Intelligent Transportation System (ITS), it is nmissible to prevent all traffic incidents and
every day along U.S. freeways, numerous incideotsiio TIM programs have been proposed
and implemented to mitigate the impact of incidelmsonsidering the implementation of a TIM
program for a given location, it is important tosare that the benefits of the program will be
worth the costs of its implementation. Additionalinaffic violations along freeways can impact
traffic operations in a similar way as other trafiincidents. Because the violation duration and
the period of impact is much shorter than typicatidents involving disabled vehicles or
collision, the violations can be thought of as "thor transient traffic incidents. This dissertatio
proposes numerous tools to aid in the evaluatioproposed TIM programs and the impact of
violations on concurrent flow lane operations, cdmiting, thus, to the general study area of
freeway incident management.

A Simulation-Based Secondary Incident Filterin@3$¥) method is proposed for
identifying secondary incidents from archived iraitl data. The proposed methodology is
computationally efficient and overcomes deficiesoté existing techniques. Specifically, with
inputs of a primary incident’'s properties and piivg traffic conditions, a unique impact area
can be delineated through simulation results at@afregression models. The simulation results
and regression models provide the corner pointh@fimpact area. These corner points can be
utilized to identify secondary incidents througtiabsishing a geometric relationship between

pairs of primary-secondary incidents in a time-gpé&cy) coordinate system. Unlike existing
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static threshold methods in which fixed impact tiered location values are applied for all
primary incidents, the SBSIF method considers th&ueness of the impact area for each
primary incident, improving the accuracy of secagdacident identification from archived data.
This method has general applicability, with utilityany context in which the study of secondary
incidents is warranted.

A three-stage time-saving process for conductingl Program benefit evaluations is
proposed. The proposed process relies on a dewklBpeperty-Based Incident Generation
(P-BIG) procedure designed for sampling a relagigshall set of good quality incident scenarios
that can represent historical incident data in &aton studies. This method aids in overcoming
the computational burden encountered when evalydtilM program’s benefit by simulation, a
common practice. The procedural steps have geappéicability, with utility in benefit analyses
for FSP, traffic diversion, VMS/DMS systems, andAdystems, among other TIM program, that
seek to mitigate incident impact by reducing inotdduration or controlling traffic demand
around the incident scene.

Modeling techniques customized for a widely avddabimulation tool, VISSIM, are
proposed for simulating violations associated wit& operation of concurrent flow lanes. Such
violations are known to be commonplace in manyesyst yet it appears that no attempt was
previously made to quantify their impact. Novel slation modeling techniques were developed
in this dissertation. Vehicle trajectories weredstd to ensure that these techniques properly
replicate violation maneuvers. The modeling teches) are employed within a three-step
simulation-based methodology for assessing safepacts of violation maneuvers. Specifically,
the methodology quantifies safety impact by meaguthe variation of discontinuity in traffic

speed contour maps (i.e. HaTSS) resulting fromem®e of violation rates along the freeway
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systems. The proposed simulation techniques andhaueltogy have wider application for
mobility and safety analysis of traffic operatioofsconcurrent flow lane systems. Results of a
case study show that vehicles choosing to violesérictions placed on a non-barrier separated,
limited access concurrent flow lane facility sigeaintly impact roadway mobility with a trend
growing nonlinearly when high violation rates of mdhan 10% of roadway users are noted.
lllegal traffic maneuvers between managed and @Bslaperating concurrently contribute to
increased speed variation and congestion, andtafédety. Findings from this portion of the
dissertation have immediate utility for assessiotgptial enforcement strategies.

Traffic diversion in which exploiting the residualanaged lane capacity to cope with
increasing congestion along the GP lanes whenentsdoccur is a specific type of TIM program
aim at mitigating incident impact on concurrenwfltane operations. As no ready-to-use module
exists in standard traffic simulation packages foodeling traffic diversion in response to
incidents, a simulation-based evaluation platformpleying the VISSIM COM interface was
developed to model freeway incidents and possiiversion implementations. The potential for
mobility improvement in the GP lanes as a consecgi@f diverting traffic around an incident,
any resulting degradation in service levels inairby traffic using the managed lanes, and
trade-offs in implementing either a continuous ssess point diversion strategy are assessed on
a case study. Results show that the proposed thwestrategies can efficiently mitigate incident
impact along the GP lanes, with benefit to the garteaffic that outweighs the detriments to the
managed lane users in nearly all studied scenarios.

One might envision the assimilation of techniquesppsed in this dissertation within an
integrated TIM program evaluation system as degictd=igure 9-1. Such a system would aid in

quantifying the benefits of TIM strategy implemerdas in terms of mitigating the negative
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impact of incidents on safety and mobility. The slation techniques developed herein for
modeling incidents (including violations) that bkoone or more traffic lanes and incident
management strategy implementations (e.g. diversiomtegies) can be applied to quantify
mobility impact. Likewise, the SBSIF method for mdiéying secondary incidents and the HaTSS
safety index can assist in assessing safety impéateover, the time-saving technique, the
P-BIG procedure, enables system operators to effilgi evaluate TIM program benefits. Results
from performance assessment can provide importafdrnnation for improving program

offerings, resulting in safety and mobility impronents along freeway systems.

Negative Impacts
' i

> TIM Program
Evaluations

o

Simulation Techniques for
Quantifying Mobility Measures

Time-Saving
Techniques with
P-Big Procedure

TIM Strategies

Safety Measures:
Secondary Incident Identification
HaTSS Index

Figure 9-1: Integrated TIM program evaluation siste

9.2 Extensions

Further studies related to secondary incidents tmiigbus on exploring their properties and

relationships to primary incidents, and estimatiagd predicting their occurrence. The
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geometric-based regression model for delineatiegptiundary of incident impact area has broad
application and value. It would be useful to coasithethods for calibrating such models so as
to minimize any differences between predicted aibdeoved incident impact areas. With
accurate and fast incident impact area delineaiagabilities that rely on time-space traffic flow
contour maps, one can predict travel times anddspgreough the incident scene in real-time.

This study focused on occupancy and access viaktadong concurrent flow lane
systems. The impact on mobility and safety of otfmewving violations, such as speeding and
aggressive driving, or apprehensive driving caugiatgponing of vehicles, might be studied.

It may be useful to consider the development ofystesn-wide decision tool that
combines both quantitative and qualitative measasssciated with opening a managed lane to
general traffic for the purpose of improving geme@erations during incident clearance. Effects
of lifting lane usage and buffer crossing regulagidor only a portion of vehicle classes or for
specific short segments might be studied.

Incidents arise not only along freeway systems,dboimg arterial roadways, as well. In
future work, one might tackle impact analyses ¢éraal incidents and TIM programs designed

to mitigate their impact.
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