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ABSTRACT

MD. SHAH IMRAN. Modeling freeway level-of-service based on travel time and travel
time reliability. (Under the direction of DR. SRINIVAS S. PULUGURTHA)

The assessment of operational performance is a challenge for the local
transportation agencies and Metropolitan Planning Organizations (MPOs) due to the
dynamic nature in traffic movement. As demand approaches to the capacity of a roadway
(or of the intersections along the road), extreme traffic congestion sets in. When vehicles
are fully stopped for periods of time, this is colloquially known as a traffic jam or traffic
snarl-up. A qualitative classification of traffic is often done in the form of a six letter A—F
level-of-service (LOS) scale defined in the Highway Capacity Manual (HCM), a
document widely used by engineers and planners in the U.S. (or used as a basis for
national guidelines worldwide). LOS is the chief measure of “quality of service” which
describes operational conditions within a traffic stream and is different for different
facilities. These levels are used by transportation engineers and planners as shorthand to
describe traffic levels to the lay public.

However, the current LOS criteria is based on density parameters along with
some speed information for freeway sections, and service flow rate with speed
information for highways, which do not always convey message to the general road
users. In addition, unlike flow rate and speed information, density is not directly collected
or readily available from field.

Travel time is one of the most important metrics used by the practitioners for

decision making processes. It is also easily understood by road users and helps them
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choose their routes to reach their destinations quickly. Real time continuous data
collection is possible through the use of roadside Bluetooth detectors, on-road sensors,
traffic cameras, or other technologies. Hence, if travel time related parameters can be
established to denote the service level of freeways, the LOS would be readily available
and the variation can easily be recorded over time. Further, travel time reliability has
become an important concept for modern and urban transportation system managers. It is
defined as “the consistency or dependability in travel times, as measured from day to day
and/or across different times of the day” and a measure of the service provided by a
transportation network.

This dissertation correlates the travel time and travel time reliability with density
based LOS thresholds and identifies a more convenient and easily understood and usable
LOS criteria based on such measures. A microscopic simulation model is developed,
calibrated, and validated using the real world data. The calibrated parameters are used in
several hypothetical microscopic simulation models representing different sections of
freeway section types (i.e., basic freeway section, weaving section, and
merging/diverging area) in order to develop a meaningful density — travel time and
density — travel time reliability relationships and corresponding LOS criteria. Prior to
developing the relationships and LOS criteria, the microscopic simulation based density
values are compared with the HCM based densities in order to indicate the validity of the
models.

The dissertation finds a strong correlation between HCM based densities and
densities from VISSIM, which further validates the notion that a calibrated microscopic

simulation model can be effectively used to represent general traffic behavior. The



density — travel time per mile relationship shows a non-linear (exponential) relationship
for all the freeway section types, which further questions the generic speed assumptions
made by HCM for different LOS profiles. A polynomial relationship was observed
between density — travel time reliability indices. It was found that average travel time per
mile threshold values for respective LOS letters increase as the speed limit decreases
until the condition comes close to saturation where the speed limit on the freeway does
not have any influence on the operation. It can also be noted that as the posted limit
decreases, the percent difference between the two respective adjacent travel time per mile
threshold values also decreases.

The dissertation also finds that the average travel time reliability LOS threshold
values for their respective LOS letters decrease for all freeway section types as the speed
limit decreases. For PTI based thresholds, the 95™ percentile travel time decreases as the
speed limit decreases but the 5™ percentile travel times remain relatively similar. In case
of BTI based thresholds, the 95" and 50" percentile travel time values become closer as
the speed limit decreases. For all freeway section types, the percent difference between
two respective adjacent PTI LOS threshold values remains relatively similar with slight
increase or decrease as the speed limit decreases. However the percent difference
between two adjacent BTI threshold values tends to increase as the speed limit decreases.
The dissertation also showed that based on the observation period (number of data
points), the LOS estimation can differ significantly.

Overall, this dissertation provides important insights on a more convenient and
easily understandable approach to define freeway LOS and provides baselines for future

researchers to investigate and develop the method further.
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CHAPTER 1: INTRODUCTION

1.1. Introduction

The transportation system is one of the national economic pillars providing
mobility to the community. It has also been recognized as one of the sectors to evaluate
the national developmental achievements. Therefore, many studies have addressed the
issue with performance improvement of transportation network as a primary goal.

From 1950, results from many travel demand studies have been applied
extensively in transportation system analyses. Most of these studies conducted based on
the assumption that transportation infrastructure, environment, and human factors are
harmoniously interconnected so that the transportation system can run and operate with
complete control and in good condition (Susilawati et al., 2010). However, transportation
system is a complex and dynamic system. Many factors can adversely affect
transportation network performance. These include travel demand as well as short term or
long term incidents, which lead to higher travel time variability and related consequences
to the community (Nicholson et al., 2003). At the same time, just-in-time services of
mobility, especially for goods transportation, has forced practitioners toward considering
transportation system reliability as a measure for a robust transportation system.
Therefore, in the last two decades, transportation system reliability has become a strong

interest for research (Bell and lida, 2003).
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There are several definitions of the transportation system reliability depending on
the measurement context. Transportation system reliability focuses on the probability of
successful completion of a trip at a specified time (travel time reliability), based on the
remaining connectivity between an origin—destination (O—D) pair (connectivity
reliability), and/or at certain level of the link capacity (capacity reliability) (Bell and Iida,
2003). As the need for more reliable transportation system has forced transportation
planners to study several aspects of transportation system reliability, the travel time
reliability has been commonly accepted as the key indicator in assessing the
transportation system performance. It is also an important factor in route choice analysis.
The better understanding of travel time reliability and variability might help relieve the
congestion problems and lower the impact of different type of incidents (Recker et al.,
2005). Therefore, the more reliable the transportation system is, the more stable is its
performance ensuring more predictable trip times and improved activity schedules.
Reliable travel time also has a significant effect on improving the freight industry’s
performances on delivering goods (Recker et al., 2005).

According to Lomax et al. (2003), the travel time reliability is the level of
consistency of transportation services for a mode, trip, route, or corridor for a time
period. The travel time reliability also refers to the idea of traffic performance,
particularly from the viewpoint of road users. Previous research investigated the road
user’s disutility of being late and arriving early due to the unreliable travel time and
developed disutility model based on the logit choice model by applying the amount of the
extra travel cost needed for the extra travel time (Small et al., 1999; Noland and Polak,

2002; Bates et al., 2001).



Many recent studies have investigated the effect of unreliable travel time on
traveler’s behavior by examining traveler behavior and their response to the
provision of travel information. According to Susilawati et al. (2010), provision of
accurate and reliable information can improve the transportation network reliability. They
also concluded that Stochastic User Equilibrium (SUE) model can generate the route
choice behavior of road users based on the different levels of information provision.
According to Tannabe et al. (2007), the greater variance of travel time of selected links
makes the links less attractive to the road users. Bogers and Lint (2007) also found that
provision of traveler information has a significant impact on road user’s decision and
users would choose the route with minimal travel time variance based on their
experience. Tannabe et al. (2007) also identified that road users change their routes to
reduce the uncertainty of travel time.

The Highway Capacity Manual (HCM) historically has been among the most
important reference guides used by transportation professionals, which is useful for
planning, design, preliminary engineering, and operations analysis (TRB, 2010). It
provides analytical concepts for characterizing traffic flow, capacity, quality-of-service
(QOS), and level-of-service (LOS), which are useful measures for the transportation
planners seeking a systematic basis for evaluating elements of the surface transportation
system — particularly highways, but also other modes. The HCM provides guidance on
analyzing facilities, segments, and points for uninterrupted-flow roadways, such as
freeways and multilane highways. It distinguishes between capacity, defined as the
hourly flow rate, and other performance measures, such as density, speed, delay, number

of stops, queue length, and volume-to-capacity ratio (Kittelson and Vandehey, 2013).



Though travel time and travel time reliability are increasingly recognized as
important mobility performance measures, the HCM lacks a method to address these
mobility performance measures for specific types of facilities such as freeways, multilane
highways, and urban corridors. The HCM provides the LOS on freeways based on
density in terms of passenger cars per mile per lane (pc/mi/ln) on the freeway segments.
However, traffic movement has dynamic characteristics and density calculation is not
readily available from field, which makes it difficult to track the performance of the
freeways based on the current method. Therefore, travel time and/or travel time reliability
based performance measurement is a great concept to replace the existing method.

1.2. Background and Problem Statement
1.2.1. Definition of Travel Time Reliability

The travel time reliability better quantifies the benefits of traffic management and
operation activities than simple averages. “Reliability” itself may have little meaning to
the traveling public. Road users have their own perception of travel time reliability based
on their own daily experiences. However, there is a lack of knowledge regarding the
nature of useful reliability information, the procedure to express them, the effect of such
information on the travelers’ route choice, and system performance in terms of recurring
and non-recurring highway congestion.

According to the Florida Department of Transportation (FDOT) (2000), travel
time reliability is “the consistency or dependability in travel times during a specific
period of time under stated conditions”. This consistency depends on travel time
threshold resulting from the impact of the influencing factors. The threshold is used as a

measurement of travel time reliability and typically represents the addition of the extra



time (or cushion time or buffer time) to the average travel time to ensure on-time arrival
of the travelers. As such, “reliable” segments are those on which travel time threshold is
equal to or lower than the extra time added to the average travel time on that segment.

Therefore, reliability is concerned with three key elements of this definition.
Firstly, it is a probability concerned with achieving consistency or dependability at a
statistical confidence level. Secondly, reliability applies to a defined threshold and
specific time periods. Lastly, it is restricted to operation under stated conditions as it is
impossible to design a system for unlimited conditions.
1.2.2. Freeways and Travel Time Reliability

According to Federal Highway Administration (FHWA) (2014), a freeway is “a
divided highway facility with full control of access and two or more lanes for the
exclusive use of through traffic in each direction”. The interstate freeway network was
authorized by the Federal Aid Highway Act of 1956, and the original portion was
completed 35 years later. However, the network has since been extended, and as of 2012,
it had a total length of 47,714 miles (76,788 km) (OHPI, 2013a). As of 2011, about one-
quarter of all vehicle miles driven in the country used the Interstate system (OHPI,
2013b). All the freeways were originally not designed to accommodate today’s heavy
traffic. Instead, they have evolved as urban and suburban traffic has increased.
Consequently, congestion has grown substantially over the past 30 years in every city,
becoming one of the key urban problems (TTI, 2011). The congestion level in 85 of the
largest metropolitan areas in U.S. has grown almost every year from 1982 to 2010. The

average yearly delay endured by the average commuter was 34 hours in 2010 compared



to the 14 hours in 1982, which triggers over a $100 billion loss (nearly $750 for every
commuter) due to congestion (TTI, 2011).

This trend is expected to continue as U.S. becomes increasingly urbanized. The
increasing congestion levels have influenced travel time reliability impacting all the
transportation system users, such as vehicle drivers, transit riders, freight shippers, and
even air travelers. However, the unreliability of travel times forces travelers to plan for
these problems by leaving early just to avoid being late. Therefore, extra time out of
everyone's day is being devoted to travel; even if it means getting somewhere early which
could have been used for other endeavors.

Charles (2008) pointed out that traveler’s willingness to pay extends to reliability
of travel time, especially for time-sensitive trips. He referred the willingness to pay for
reductions in the day-to-day travel time variability as “value of reliability” (VOR).
According to the report, some U.S. studies have found that travelers put twice as much
value on travel time variability than on the average travel time. In addition, in terms of
travel time certainty and travel time reductions due to reduced average trip time,
reliability has an indirect impact on trip costs by potentially reducing fuel consumption,
vehicle emissions, and public transport operating costs (Charles, 2008).

Therefore, it is important to understand the factors influencing travel time
reliability on freeways. Road agencies and authorities are interested to address these
factors. The reliability measure should provide useful information on the total time
budgeted for a trip. The computation process for such measure should control for
variations that are non-relevant to the trip planning decision, although these elements will

vary. This may include factors such as day-to-day and time-of-the-day (TOD)



variations due to the decision making using prior knowledge of the day, and time and
variation in road characteristics as travelers typically consider their trip travel time than
each road section separately (Lomax et al., 2003).

1.2.3. Future of Travel Time Reliability in Transportation Sector

The Federal Highway Administration (FHWA) projects a 65% growth in
domestic freight volumes between 1998 and 2020. This rapid growth in truck volume can
be attributed to a number of factors, such as the shift of significant freight activity from
rail and other modes to truck, and the changes in the economy and business practices,
such as just-in-time deliveries of inventory items that increase delivery frequencies
(Polzin, 2006). Therefore, it is expected that there will be a three percent annual growth
in truck vehicle miles traveled (VMT) (FHWA, 2013).

In addition to that, e-commerce is advancing significantly and will influence the
land use patterns and VMT over the next few decades. The home based shopping via
catalogs, cable television shows, and the internet, and highly efficient package delivery
companies, both private and public entities, will increase trips from local businesses to
homes. There is also an expected shift in the shipment procedure which would put more
emphasis toward less-than-truck load or smaller truck freight shipments than long-haul
carriers as a significant portion of all types of retailing required next-day delivery, same-
day delivery, and just-in-time delivery.

Furthermore, the current demographic shifts as well as those likely to occur in
the future will also generate more traffic on U.S.urban roadways that will, in turn,
increase the congestion level. The U.S. Census Bureau projects the U.S. population will

be somewhat better off economically, with smaller households and increased household



vehicle ownership (Bonnaire, 2012). In the coming years, the older driver population on
the road is expected to be at least double in number, which is attributable to both the
overall increase in the older population and the anticipated trend for older women to
drive in greater proportions than their previous cohorts (Pisarski, 2006). Therefore,
the shift in these household composition, labor force participation and household income
changes, and shifts in licensing and vehicle ownership will affect transportation and
individual mobility, which is expected to increase the highway VMT by 60% in 2020
(Bonnaire, 2012).

Concurrently, researchers and practitioners are well aware of the impacts of travel
time reliability and therefore, consequently have adjusted their methodologies. For
instance, in transportation planning, it is found that VOR significantly enhances the mode
choice models (Pinjari and Bhat, 2006; Liu et al., 2007). The second Strategic Highway
Research Program (SHRP2) identifies travel time reliability as one of the four
transportation factors that needs to be addressed during a highway capacity expansion
decision making process (Cambridge Systematics et al., 2009).

Travel time reliability research is developing the means for state Departments of
Transportation (DOTs) and Metropolitan Planning Organizations (MPOs) to fully
integrate mobility and reliability performance measures and strategies into the
transportation planning processes. Studies are under way to include reliability factors into
the HCM. In addition to that, a guide on roadway design features will be written to
support the reduction of delays that in turn, reduce travel time reliability. Such features

can be considered for inclusion in the American Association of State Highway and



Transportation Officials (AASHTO) Policy on Geometric Design of Highways and
Streets (TRB, 2011).

However, reliability requirements for personal trips vary considerably. The
factors include the type of trips (commuter, personal, and social/recreational), TOD (peak
versus off-peak period), and the travel setting and conditions. In addition, reliability
requirements vary based on the roadway network used, geographic areas (urban or rural),
and the factors that contribute to the uncertainty of arrival time, such as traffic crashes or
work zones.

Reliability requirements for business trips (freight carriers, shippers, and truckers)
vary by situation and business characteristics. Therefore, it is important that
transportation agencies must understand these different user requirements if they expect
to meet them effectively. As pointed out by Transportation Research Board (TRB):
“....Actions taken by transportation agencies to reduce congestion should effectively
improve travel time reliability. To assure the effectiveness of those actions, the user
requirements regarding travel time reliability must be understood. Different users of the
highway network have different requirements for travel time reliability. Moreover, the
requirements of each user depend on the situation. A trucker faced with just-in-time
delivery has different travel time reliability requirements than an empty backhaul of a
mom-and-pop trucking business. Service level agreements for just-in-time delivery can
impose severe penalties for not being on time.” (TRB, 2011).

1.2.4. Travel Time Reliability as a Measure of Service
In addition to the assessment of the traffic performance, Chen et al. (2003) and

Lyman and Bertini (2007) have examined the application of the travel time reliability
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measurement. As the typical LOS method does not reflect the user’s experience during
their trip, Chen et al. (2003) discussed the use of travel time reliability in place of LOS.
Lyman and Bertini (2007) investigated the travel time reliability measure to quantify the
congestion. They analyzed twenty Regional Transportation Plans (RTPs) and found that
no RTP used the travel time reliability measure as a congestion measure. The study
examined five minute interval data to compare the buffer time index (BTI), the travel
time index (TTI), and the planning time index (PTI) for three consecutive years of
daily travel time along the Portland highways. They found that even though the three
travel time reliability indices gave the same pattern along the roadway, the PTI gave
higher index than the other two. Therefore, they compared only the BTI and the TTI to
give the priority for the congestion relief through incident response systems, bottleneck
improvements, and better traveler information and proposed ranking system to select the
highest priority corridor. According to Tannabe et al. (2007), the appropriate functional
hierarchy of road may be disturbed by the travel time uncertainty. These findings suggest
that a reliability index of travel time is a very useful and important measure to evaluate
both actual LOS and functional hierarchy of roadway network.

1.3. Research Objectives
The primary goal of this dissertation is to develop an adaptive freeway LOS
method based on the best available travel time related statistics as an alternative to the
current density based LOS method resulting in a useful tool from both general road user
and planner perspectives. The primary objectives are as follows:
e Research and develop a microscopic simulation model based on field data,

e Perform model calibration and validation by comparing field data,
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e Develop and simulate hypothetical freeway sections for analysis and evaluation,
e Compare the HCM based densities and microscopic simulation model generated
densities to verify the approach,
e Develop density - travel time (per mile), density - speed and density - travel time
reliability relationships,
e [Evaluate merging and diverging areas separately,
e Establish criteria for travel time and travel time reliability LOS thresholds, and
e Apply and illustrate the use of established LOSs.
1.4. Importance of the Dissertation
Density, often expressed in pc/mi/In, is essentially the number of passenger cars at
any timestamp within a roadway segment. Getting this information periodically is not
only costly but in many cases not feasible. Therefore, though the density value may
provide an understanding of the roadway condition at that specific timestamp, it fails to
identify the situation beforehand and afterwards. The density calculation also deals with a
number of factors. For example, to calculate the weaving section density, the planner
needs to know the O-D patterns of the area (weaving and non-weaving movements) to
identify the total number of passenger cars entering and leaving through ramps between
two timestamps. Collecting all the information is costly and time consuming. In addition,
transportation system has evolved a lot since the inception of density based LOS
ideology. Further, the modernization of vehicular operation and inception of newer
technologies in the transportation field force the decision makers to look for a quick and
easy way to understand the operational situation and disseminate the information for the

betterment of the network flow.
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Therefore, this dissertation discusses the potentiality of travel time and travel time
reliability to be used as a measure of freeway operational condition. This is a solution for
providing the LOS based on travel time characteristics, which is not only easier to obtain
but also provides continuous data collection ability and track the network operation in a
continual way.

The establishment of reliability metrics criteria to determine the freeway LOS is
still developing; therefore, this dissertation will provide important insights on this
approach. It is expected that this travel time reliability based freeway LOS method will
be useful to:

e cvaluate strategies and tactics to satisfy the travel time reliability requirements

of travelers on the urban freeway network,

e monitor the performance of the networks,

e cvaluate future roadway improvement options, and

e provide guidance on planning, geometric design, and traffic operations

features.
1.5. Organization of the Dissertation

The rest of this dissertation is organized as follows. In the following chapter,
previous works in freeway travel time reliability and travel time reliability measures are
reviewed. This chapter also includes a discussion on other reliability based LOS methods.
Chapter 3 discusses the research method on identifying the procedures to obtain freeway
LOS based on travel time metrics. Chapter 4 describes the relationship between density
and travel time experienced by the drivers using a calibrated microscopic simulation

model. Chapter 5 examines the relationship between density and travel time per mile
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based on freeway speed limit and number of lanes available. The chapter also discusses
how the travel time reliability indices can be used to define the freeway LOS. The last
chapter of the dissertation, Chapter 6, concludes based on the findings, discusses

limitations of the dissertation, and provides future recommendations.



CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

The previous chapter described the problem statement and research goal and
objectives. This chapter discusses previous research and literature on freeway travel time
reliability, the techniques to quantify such statistics, and available knowledge on how this
information can be used to successfully identify a measure of service (LOS).
2.2. Previous Studies on Freeway Travel Time Reliability

Clark and Watling (2003) proposed a method for estimating the probability
distribution of total network travel time considering normal day-to-day variations in the
travel demand matrix over a transportation network. They proposed a solution method
based on a single run of a standard traffic assignment model. Moments of the travel time
distribution were computed using an analytic method based on the multivariate
moments of the link flow vector. A flexible family of density functions was fitted to
these moments. The researchers also discussed how the resulting distribution in practice
may be used to characterize unreliability. They found the method to be effective in
identifying sensitive or vulnerable links and examining the impact on network reliability
of changes to link capacities.

According to Tu et al. (2005), weaving sections can lead to certain variations in
travel time due to intense lane changing maneuvers and complex vehicle interactions.

The length of the weaving section is the primary factor for such variability. Therefore, the
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researchers investigated the relationship between them using both a simulation approach
and based on empirical data. Both procedures indicate a relationship between weaving
section length threshold and travel time variability increase. The implications call for
possible control applications to reduce the travel time variability in the short weaving
sections.

Van Lint and van Zuylen (2005) proposed many different aspects of the day-to-
day travel time distribution as indicators of reliability. Both mean and variance of a
distribution tend to obscure important aspects of the distribution under specific
circumstances. The researchers argued that both skewness and width of this distribution
are relevant indicators for unreliability. They proposed two reliability metrics based on
three characteristic percentiles (10th, 50th, and 90 percentiles) for a given route and
TOD-day of week (DOW) period. High values of either metric indicate high travel time
unreliability, while the weight of each metric on travel time reliability may be application
or context specific. These metrics can be used to construct reliability maps in order to
visualize the unreliability of travel times for a given TOD — DOW period and help
identify TOD — DOW periods in which congestion will likely set in (or dissolve). The
overall process can identify the uncertainty of start and end moments; and hence, length
of morning and evening peak hours. The metrics can be used to predict travel time
(un)reliability if combined with a long-term travel time prediction model and also may be
used in discrete choice models as explanatory variables for driver uncertainty.

Nam et al. (2005) expressed reliability in terms of standard deviation and
maximum delay measured based on triangular distribution. The researchers used the

multinomial and Nested Logit models to estimate value of time and VOR. They found
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that reliability is an important factor affecting mode choice decisions. As reliability has
higher values than that of time, the researchers noted that the policy to increase travel
time reliability has more benefit than to reduce the travel time at the same level of
improvement.

According to Al-Deek and Emam (2006), travel time reliability captures the
variability experienced by individual travelers and can indicate the operational
consistency of a facility over an extended period. A roadway segment’s reliability is
considered 100% if its travel time is less than or equal to the travel time at the posted
speed limit for that segment. They only considered the weekdays as weekends had
different peak periods. The researchers noted that the freeway corridor consists of a
collection of links arranged and designed such that they achieve desired functions with
acceptable performance and reliability. However, the relationship between the freeway
corridor system reliability and its link reliability is often misunderstood. For example, all
of the links in a system having 95% reliability at a given time does not mean the overall
reliability of the system is 95% for that time.

Elefteriadou and Xu (2007) developed models for estimating the travel time
reliability on freeway based on four factors (congestion, work zones, weather, and
incidents) that may affect travel time. Sumalee and Watling (2007) proposed a partition-
based method to evaluate the transport network from the view point of travel time
reliability after any disaster. Their algorithm helps classifying the network states into
reliable, unreliable, and un-determined partitions. Each reliable and/or unreliable state
can be used to determine a number of other reliable and/or unreliable states without

evaluating all of them with an equilibrium assignment procedure by postulating the
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monotone property of the reliability function. A cause-based failure framework was also
proposed to represent dependent link degradation probabilities and tested with a medium
size test network to illustrate the performance of the algorithm.

Shao et al. (2007) proposed a travel time reliability-based traffic assignment
model in order to identify the rain effects on risk-taking behaviors of travelers
considering day-to-day demand fluctuations and variations in travel time. The researchers
used a Logit-based stochastic user equilibrium framework to incorporate traveler
perception errors on travel time and risk-taking behavior on path choices into the model.

Lyman and Bertini (2008) examined the use of measured reliability indices for the
improvement of real-time transportation management and traveler information using
archived Intelligent Transportation System (ITS) data. The researchers tested several
reliability measures including travel time, 95t percentile travel time, TTI, BTI, PTI, and
congestion frequency. They used the BTI to prioritize freeway corridors and concluded
that MPO should use travel time reliability by incorporating it as a system-wide goal,
evaluating roadway segments according to travel time reliability measures, and
prioritizing the capacity expansion of roadway segments using these measures.

Tu et al. (2008) proposed a new analytical formula to express travel time
unreliability in which the travel time (un)reliability is computed as the sum over the
products of the consequences (variability or uncertainty) and corresponding
probabilities of traffic breakdown (instability). Their proposed travel time reliability
model is considered as a function of a variety of conditional factors under certain
circumstances, such as road characteristics, traffic control measures, prevailing traffic

state (congested or not), and possible external factors, such as weather and
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luminance. Empirical data were used to validate and calibrate the model. The researchers
noted that with the increase in inflows, both the probability of traffic breakdown and
travel time unreliability increase.

Pu (2010) analyzed the reliability measures, including the 90" or 95™ percentile
travel time, standard deviation, coefficient of variation, BTI, TTI, PTI, skew
statistic, misery index, frequency of congestion, on-time arrival, and others to
explore their mathematical relationships and interdependencies. The researcher assumed
lognormal distributed travel times and by using a percent point function, a subset of
reliability measures were expressed in terms of the shape parameter and/or the scale
parameter of the lognormal distribution. Contrary to some previous studies and
recommendations, the researcher concluded that the coefficient of variation, instead of a
standard deviation, is a good proxy for a number of other reliability measures, including
PTI, median-based buffer index, and skew statistic. Pu (2010) also recommended using
the median based buffer index and failure rate than that of an average based.

Pulugurtha and Pasupuleti (2010) developed and illustrated the working of a
method to estimate travel time and its variations, travel delay index due to crashes and
their severity, congestion score and reliability of each link in the network. Traffic
volume, link capacity, travel speed, crashes and their severity, and estimated time taken
for normal traffic conditions to restore after a crash were used in the computations.
Sensitivity analysis was also conducted to examine and assess reliability of links based
on variations in weights to integrate recurring and non-recurring congestion components.

Nie et al. (2010) enhanced travel reliability of highway users by providing them

with reliable route guidance produced by newly developed routing algorithms. The
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algorithms were validated and implemented with real traffic data. Phase I of the project
focused on demonstrating the value of reliable route guidance by developing and
disseminating Chicago Test bed for Reliable Routing (CTR). Phase II aimed at bringing
the implementation of reliable routing technology to the next stage through initial
deployment of CTR. Rakha et al. (2011) examined existing studies that had used
video cameras and other on-board devices to collect data. They determined the
potential for using such data to explore driver behavior in order to reduce non-recurring
congestion and hence, the travel time unreliability.

Cambridge Systematics (2013) analyzed the effects of non-recurring congestion,
such as incidents, weather, work zones, special events, traffic control devices, demand,
and bottlenecks. Their study explained the importance of travel time distributions for
measuring reliability, and recommended specific reliability performance measures.
Numerous non-recurring congestion mitigation procedures were identified and models to
predict such events were developed with an indication of their relative importance. The
models were based on three empirical methods, before and after studies, a “data poor”
approach that resulted in a parsimonious and easy-to-apply set of models, and a “data rich
model” that used cross-section inputs including data on selected factors known to directly
affect non-recurring congestion. The study found that travel time reliability can be
improved by reducing demand, increasing capacity, and enhancing operations.

Although these recent studies on the topic provide reasonable methodologies for
quantifying travel time reliability, there is a lack of consensus on the suitable reliability

based approach.
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2.3. Travel Time Reliability Measures
Cambridge Systematics and TTI (2005) suggested various indices regardless of
the source or the type of variability, which are commonly divided into statistical
measures, buffer measures, and tardy trip indicators. Statistical measures, such as travel
time window and percent variation (Equations 2.1 and 2.2) focus on estimating standard

deviation of travel times and comparing it with the average travel time.

Travel Window = Average Travel Time + Standard Deviation (2.1)
Standard Deviati
Percent Variation = —————— 2100 o 100% (2.2)
Mean

Though these statistical measures provide the extent of unreliability to
professionals, it is difficult for individuals to apply the concept of standard deviation to
their individual travel time. In addition, the variation due to different events separately is
difficult to comprehend for the individuals.

The second category of methods is buffer measures. BTI is the most commonly
used index, which represents a measure of trip reliability by expressing the amount of
extra buffer time needed to be on time for 95% of the trips. This measure allows the
individuals to estimate the extra percent of travel time for the trip due to varying

congestion level.

95th percentile Travel Time — Average Travel Time

BTI = [ ] x 100% (2.3)

Average Travel Time

The PTI can also be used, which estimates the extent by which the free-flow

travel time will be exceeded.

95th percentile Travel Time

PTI= |

] x 100% (2.4)

Travel Time based on Free Flow Speed
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Both of these indices allow individuals to plan a trip to arrive on time in a vast
majority of situations. The 95™ percentile travel time ensures that the road user is only
late 1 out of every 20 trips. These buffer measures can be used to calculate a single value
of reliability for the road segment or different values depending on TOD and DOW.

Tardy trip indicators, which include percent of unreliable trips and misery index,
are the third way to evaluate the variability in the travel time. The percent of unreliable
trips is simply evaluated as the percent of trips with higher than acceptable travel times.
The misery index is calculated as the average travel time subtracted from travel time from
the top 20% of trips divided by the average travel time.

% on Time = Percent Trip Times <[1.1 * Mean Time] (2.5)

Average Travel Time for the Longest 20% of Trips
— Average Travel Time

Misery Index = (2.6)

Average Travel Time

FHWA (2013) defines frequency of congestion as the frequency when congestion
exceeds some expected threshold. This index is typically expressed as the percent of days
or time that travel times exceed X minutes or travel speeds fall below Y mph. In case
continuous traffic data is available, the frequency of congestion measure is relatively easy
to compute. It is typically reported for weekdays during peak traffic periods.

Standard deviation is a widely employed measure of variability or diversity in
statistics and probability theory. It shows how much variation or "dispersion" there is
from the average (mean or expected value) and is sometimes used as a proxy for other
reliability measures. It is, however, a convenient measure when calculating travel time
reliability using classical or statistical models (Dowling et al., 2009). The standard

deviation treats both late and early arrivals with equal weight while the public cares much
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about late arrival. Therefore, it is not either easily related to everyday commuting

experiences.

Y'(Each Value in the Data Set
—Average Value in the Data Set)

Standard Deviation = 2.7)

Number of value in the Data Set

Coefficient of variation is a ratio of standard deviation to the mean. It also has the

same disadvantages as the standard deviation.

) . Standard Deviation
Coefficient of Variation = - (2.8)
Average Travel Time

The standard deviation to an average value combined in a ratio is referred to as
percent variation in the 1998 California Transportation Plan (Guo et al., 2010). This is the
form of the statistical measure — coefficient of variation. Though the percent variation is

expressed as a percentage of average travel time, it is easily understandable (Pu, 2010).

.. Standard Deviation
Percent Variation= — x 100% (2.9)
Average Travel Time

Failure rate or percent of on-time arrival estimates the percentage of time that a
traveler arrives on time based on an acceptable lateness threshold. The threshold travel
time to determine an on-time arrival ranges from 110% to 113% of average travel time.

Failure Rate = 100% - Percent of On-Time Arrival (2.10)

Florida DOT’s reliability method uses a percentage of the average travel time in
the peak to estimate the limit of the acceptable additional travel time range (FDOT,
2014). The sum of the additional travel time and the average time define the expected
time and the travel times longer than this expected time would be termed as “unreliable”.
However, this computational method has its disadvantage of using travel time rather than

travel rate, while travel rate variations provide a length-neutral way of grading the system
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performance providing the provision of easy transmission to travelers (Lomax et al.,
2003).

Florida Reliability Statistic (% of Unreliable Trips) =100% — (Percent of trips

with travel times greater than expected) (2.11)

In addition to the statistical methods of estimating travel time reliability,
Elefteriadou (2006) proposed econometric modeling. She developed linear regression
models to estimate average travel time for scenarios with different combinations of
weather, accidents, congestion and work zones. Furthermore, the researcher determined
probability of a reliable trip under various definitions of reliability. This study was unable
to provide models for all scenarios due to the lack of data and did not clarify how the
travel times were obtained for modeling.

TTI (2005) suggested a threshold of 10% higher than the average travel time (or
travel rate) for travel time reliability. However, the 10% late arrival has the disadvantage
of being relatively conservative for some applications. Clark and Watling (2005) used the
probability distribution of the actual values of the performance measure to define
unreliability. The planning state occurs when the performance measure equals the mode
of around 1; the critical value is defined as a tolerance of 400 percent above the
performance measure value in the planning state, yielding to a critical value of 5.
Afterwards, the unreliability is defined, for instance, in terms of the probability of
exceeding the critical value Pr (M > 5), i.e., the area under the curve in the range labeled
“degraded performance” (Figure 2.1). Thus in percentage terms, the reliability is

p=(1-Pr (M >5)) x 100% (2.12)
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FIGURE 2.1: Performance measure distribution (TTI, 2005)

SHRP 2 Project LO3 (Cambridge Systematics et al., 2013) examined the potential
performance measures used to describe travel time reliability, including the skew statistic
as proposed by European researchers and some other parts of the world. In addition, the
researchers added the 80th percentile TTI because analysis indicated that this measure is
especially sensitive to operational improvements and has also been used in previous
studies on the valuation of reliability. The travel time distribution can enhance the
difference between all of these measures, as illustrated in Figure 2.2. In SHRP 2 Project
L03, the researchers used TTI as the variable of interest which also satisfies the need to
normalize travel time. Therefore, the base distribution is actually based on the
distribution of the TTI, rather than raw travel times.

The LO3 research (Cambridge Systematics et al., 2013) also demonstrated that the
BTI can be an unstable measurement for tracking trends over time because in part of its
linkage to two factors (average and 95™ percentile travel times) that change. If one
changes more in relation to the other, counterintuitive results can appear. Even though
SHRP 2 Project LO3 did not define standard deviation of travel time or travel rate as a

reliability performance metric, it has been added due to its inclusion in several other
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SHRP 2 research projects. SHRP 2 Project LO3 also included predictive methods for the

standard deviation, even though it was not formally identified as a useful performance

measure due to the difficulty in explaining it to non-technical audiences.
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FIGURE 2.2: Travel time distribution for defining travel time reliability metrics

Travel Time (in Minutes)

(Kittelson and Vandehey, 2013)

While various travel time percentiles historically have been used for the TTI,

SHRP 2 Reliability Project LO8 (Kittelson and Vandehey, 2013) recommended that the

80th percentile highest travel time be used for the predicted travel time due to its more

stable relationship with mean travel time than the 90, 95", or 99™ percentiles. This is

useful in predicting changes in reliability based on changes in the mean travel time.

The formula for computing a system-wide TTI is given below.

80% TTI =

VHT (80%),/ VMT(80%)

VHT (FF)/VMT(FF)

(2.13)
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where,

80% TTI = 80th percentile Travel Time Index,

VHT (80%) = 80th percentile highest vehicle-hours traveled among the scenarios

evaluated,

VMT (80%) = Vehicle miles traveled for scenario with 80th percentile highest

vehicle-hours traveled among the scenarios evaluated,

VHT (FF) = Vehicle-hours computed with segment free-flow speeds, and

VMT (FF) = Vehicle miles traveled with segment free-flow speeds.

The SHRP 2 Reliability Project LO2 (ITRE et al., 2013) recommends using the
probability density function and cumulative density function of travel time rate in
seconds per mile as the primary reliability measure to identify the reliability performance
under different regimes and influencing factors. The SHRP 2 Project LO2 also utilizes the
semi-variance to determine the unreliability contribution factors including high demands,
bad weather, and incidents (Table 2.1).

The SHRP 2 Reliability Project LO8 (Kittelson and Vandehey, 2013) also
discussed the use of the policy index (PI) based on the agency’s congestion management
goal of operating its freeways at a certain speed (for example, 40 mph). The PI is
computed based on the agency’s target speed in place of the free-flow speed, also defined
in Table 2.1. As the agency wants to maintain the mean annual peak period speed on the
facility to be at the target speed or higher, the PI value over 1.00 means the reliability of

the facility will be considered unacceptable (Kittelson and Vandehey, 2013).
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TABLE 2.1: Reliability performance measure utilization in SHRP 2 projects (Hadi et al.,
2014)

Reliability Description Measure
Performance Metric Utilization
Buffer Time Index The difference between the 95™ percentile L03, LO8
(BTI) travel time and the average travel time,
normalized by the average travel time
Failure/On-Time Percentage of trips with travel times less than: L03, LO8
Performance * 1.1 * median travel time
* 1.25 * median travel time
Or percentage of trips with speed less than 50,
45, 40 or 35 mi/h
95™ Planning Time 95™ percentile of the travel time index L03, LO8
Index (PTI) distribution (95" percentile travel time divided
by the free-flow travel time)
80" Percentile Travel | 80th percentile of the travel time index L03, LO8
Time Index (TTI) distribution (80th percentile travel time divided
by the free-flow travel time)
Skew Statistics The ratio of 90™ percentile travel time minus L03
the median travel time divided by the median
travel time minus the 10" travel time percentile
Misery Index The average of the highest 5% of travel times LO03
divided by the free-flow travel time
Probability Density Probability density function of travel time rate L02
Function of Travel distribution
Time Rate
Cumulative Density Function of Travel Time Rate Cumulative L02
density function of travel time rate
Semi-Variance The variance of travel time rate (in sec/mi) L02
pegged to the free-flow travel time instead of
the
mean travel time
Standard Deviation Usual statistical definition L08
Kurtosis Usual statistical definition LO8
Reliability Rating Percentage of VMT at a TTI less than certain L08
threshold (for example, 1.33 for freeway and
2.5 for urban streets)
Policy Index Mean travel time divided by travel time at LO08
target speed
Semi-Standard One-sided standard deviation that is referenced L08
Deviation to the free-flow travel time
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The SHRP 2 Reliability Project LO5 (Cambridge Systematics, 2013) encourages
agencies to estimate multiple reliability performance measures. Different measures
capture different aspects of the travel time distribution, which in turn, may suggest
different strategies to employ. The L05 project mentioned that “reliability is complex and
its proper measurement requires multiple metrics.” Furthermore, the project document
reported that “the use of multiple measures provides a clearer picture as to the size and
shape of the travel time distribution. It can be confusing to interpret multiple reliability
performance metrics. Some metrics may appear to indicate improvement in reliability
between alternatives, while others may not”. SHRP 2 Reliability Project L38(C) (Hadi et
al., 2014) estimated and analyzed multiple metrics to assess the reliability of the corridor,
according to LO5 recommendations. However, project L38(C) stressed on the point that
having many performance measures, which may not point to the same conclusions
without good explanations, may be the reason to create confusion to the analysts and the
users of analyses.

Pulugurtha et al. (2015) found that the average travel time has a good correlation
with all the travel times and travel time variations. However, it is not correlated with the
BTI, PTI, A skew, A variance and TTI. They also found that travel times are not correlated
with the BTI. However, other travel time variability indices and reliability measures have
good correlation with the BTI. The PTI also shows similar trends as the BTI. It is not
correlated with travel times but correlated with other travel time variability and
reliability measures. The TTI does not have a correlation with travel time. Except the A
skew, all the indices are correlated with TTI. The different travel time based measures

and recommendations by selected researchers are summarized in Table 2.2.
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TABLE 2.2: Travel time reliability measures recommended by different sources
(modified from Pu, 2010)

Travel Time FHWA NCHRP California
e e Lomax et . SHRP2 .
Reliability al. (2003) Guide Report 618 (2008) Transportation
Measures ) (2006) (2008) Plan (1998)
95" or Other
Percentile v
Travel Time
Standard
Deviation
Coefficient
of Variation
Percent
Variation v v v
Skew
Statistic
Buffer Time
Index (BTI)
Planning
Time Index v v v
(PTI)
Frequency of v
Congestion
Failure Rate
(Percent On-
Time
Arrival)
Misery Index v v v

v = Encouraged, X= Discouraged

X X

2.4. Current Practices to Determine Freeway LOS

HCM 2010 (TRB, 2010) presents the best available techniques at the time of
publishing to determine capacity and LOS. The purpose of the HCM is to provide a set of
methodologies and required procedures to estimate, predict, and evaluate the multimodal
performance of highway and street facilities through operational measures and quality-of-
service indicators. A brief discussion on LOS criteria developed by Transportation

Research Board (TRB) for different freeway segments is presented next.
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2.4.1. Basic Freeway Sections

TRB defined LOS on a basic freeway section by density. They argued that using
speed matrix will be difficult to describe LOS as it remains constant up to flow rates of
1,000 to 1,800 pc/hr/In, depending on the free flow speed (FFS), even though speed is a
major concern of drivers as related to service quality. They concluded that density is
sensitive to flow rates throughout the range of flows and describes the proximity to other
vehicles. Table 2.3 provides the definitions of different LOSs on a basic freeway section
provided by TRB (2010).

Three performance measures can characterize basic freeway section as an
indication of traffic accommodation: density in pc/mi/In, space mean speed in miles per
hour (mph), and the ratio of demand flow rate to capacity (v/c). However, TRB (2010)
reiterated that as speed is constant through a broad range of flows and the v/c ratio is not
directly discernible to road users (except at capacity), the service measure for basic
freeway sections is density. Table 2.4 shows the LOS criteria based on density.

TRB (2010) designated the same density boundaries on basic freeway sections for
those of surface multilane highways, except at the LOS E-F boundary due to the fact that
the maximum flow rates at any given LOS are lower on multilane highways than on
similar basic freeway sections. The specification of maximum densities for LOS A to D
is based on the collective professional judgment of the members of the TRB’s Highway
Capacity and Quality of Service Committee. The upper value shown for LOS F (45
pc/mi/ln) is the maximum density at which sustained flows at capacity are expected to

occur (Figure 2.3).
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TABLE 2.3: Descriptions of different LOS measures on a basic freeway section (TRB,

2010)

LOS

Description

A

LOS A describes free-flow operations. FFS prevails on the freeway, and vehicles are
almost completely unimpeded in their ability to maneuver within the traffic stream. The
effects of incidents or point breakdowns are easily absorbed.

LOS B represents reasonably free-flow operations, and FFS on the freeway is
maintained. The ability to maneuver within the traffic stream is only slightly restricted,
and the general level of physical and psychological comfort provided to drivers is still
high. The effects of minor incidents and point breakdowns are still easily absorbed.

LOS C provides for flow with speeds near the FFS of the freeway. Freedom to
maneuver within the traffic stream is noticeably restricted, and lane changes require
more care and vigilance on the part of the driver. Minor incidents may still be absorbed,
but the local deterioration in service quality will be significant. Queues may be expected
to form behind any significant blockages.

LOS D is the level at which speeds begin to decline with increasing flows, with density
increasing more quickly. Freedom to maneuver within the traffic stream is seriously
limited and drivers experience reduced physical and psychological comfort levels. Even
minor incidents can be expected to create queuing, because the traffic stream has little
space to absorb disruptions.

LOS E describes operation at capacity. Operations on the freeway at this level are
highly volatile because there are virtually no usable gaps within the traffic stream,
leaving little room to maneuver within the traffic stream. Any disruption to the traffic
stream, such as vehicles entering from a ramp or a vehicle changing lanes, can establish
a disruption wave that propagates throughout the upstream traffic flow. At capacity, the
traffic stream has no ability to dissipate even the most minor disruption, and any
incident can be expected to produce a serious breakdown and substantial queuing. The
physical and psychological comfort afforded to drivers is poor.

LOS F describes breakdown, or unstable flow. Such conditions exist within queues
forming behind bottlenecks. Breakdowns occur for a number of reasons:

» Traffic incidents can temporarily reduce the capacity of a short segment, so that the
number of vehicles arriving at a point is greater than the number of vehicles that can
move through it.

* Points of recurring congestion, such as merge or weaving sections and lane drops,
experience very high demand in which the number of vehicles arriving is greater than
the number of vehicles that can be discharged.

* In analyses using forecast volumes, the projected flow rate can exceed the estimated
capacity of a given location.

In all cases, breakdown occurs when the ratio of existing demand to actual capacity, or
of forecast demand to estimated capacity, exceeds 1.00. Operations immediately
downstream of, or even at, such a point, however, are generally at or near LOS E, and
downstream operations improve (assuming that there are no additional downstream
bottlenecks) as discharging vehicles move away from the bottleneck. LOS F operations
within a queue are the result of a breakdown or bottleneck at a downstream point. In
practical terms, the point of the breakdown has a v/c ratio > 1.00, and is also labeled
LOS F, although actual operations at the breakdown point and immediately downstream
may actually reflect LOS E conditions. Whenever queues due to a breakdown exist,
they have the potential to extend upstream for considerable distances.
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TABLE 2.4: LOS criteria for basic freeway sections (TRB, 2010)

LOS Density (pc/mi/In)
<11

>11-18

> 18-26

>26-35

> 35-45

> 45 or demand exceeds capacity
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FIGURE 2.3: Speed — flow curves for basic freeway sections under base conditions
(TRB, 2010)

However, the analytical method does not provide density when demand exceeds
capacity although the density will be greater than 45 pc/hr/In (LOS F). Figure 2.4
illustrates the defined LOS on the base speed—flow curves. On a speed — flow plot,

density is a line of constant slope beginning at the origin and the LOS boundaries were



defined to produce reasonable ranges within each LOS on these speed — flow

relationships.

80 ; =

75 mi/h free—ﬂw&ed / ___74_-- /-’
70 70 I'I'I_I"'h - - s T — P

65 mi/h / ‘ \\ -
60 60 mih )/ / o <

/! -~

55 mi/h ’ / —\?

, 7 - - \ ,
~ 50 7 - - -
i~ 7 4 - - -
:E' LOS A ,/ LOsB ,» LOSC .- LOSD | -- LOSE _-~

~ - -
— 40 ;f ‘ z = =
T / . - - -
3 ! 4 s < -~ - - - -
o ! - -7 ~
@ 30 S ) : ) AN
B . v . ,/ i b '\ W -
& Qd(}\} 7 LOS F
,.f?’ x>y oY B -
20 S
s - -
/! ’ // - . -
/ s - - -
7 P # - L
," LA
10 / /l s "/ -
e
[
0 We
500 1,000 1,500 2,000

Flow Rate (pc/h/In)

FIGURE 2.4: LOS illustration for basic freeway sections (TRB, 2010)

2.4.2. Weaving Sections

provides LOS criteria for weaving sections on freeways, collector—distributor (C-D)
roadways, and multilane highways, applicable on uninterrupted segments of multilane

surface facilities, although its use in such cases is approximate. The threshold densities

The LOS for a weaving section is also defined by density thresholds. Table 2.5
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2,500

for levels of service A to D were set relative to the criteria for basic freeway sections (or

multilane highways). The boundary between stable (LOS E) and unstable flow (LOS F)
occurs when the demand flow rate exceeds the capacity of the segment (v/c>1). The

primary reason that density thresholds in weaving sections are higher than those for
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similar basic freeway sections (or multilane highways) is drivers are believed to tolerate
higher densities in an area where lane changing turbulence is expected than that of on
basic freeway segments (TRI and KAI, 2008).

TABLE 2.5: LOS criteria for weaving sections (TRB, 2010)

Density (pc/mi/ln)
LOS Multilane Highway or C-D
Freeway
Roadways

A 0-10 0-12

B >10-20 > 12-24

C >20-28 > 24-32

D > 28-35 >32-36

E > 35 >36

F Demand exceeds capacity

2.4.3. Merging/Diverging Areas

Like basic freeway and weaving sections, merging/diverging area LOS is also
defined in terms of density for all cases of stable operation (LOS A—E). LOS F is defined
when the freeway demand exceeds the capacity of the upstream (diverges) or downstream
(merges) freeway segment, or where the off-ramp demand exceeds the off-ramp capacity.

Table 2.6 summarizes the LOS criteria for freeway merge and diverge segments,
applicable to all ramp—freeway junctions and may be to major merges and diverges; high
speed, uncontrolled merge or diverge ramps on multilane highway sections; and merges
and diverges on freeway C-D roadways. However, LOS is not defined for ramp
roadways. In general, when facility-level analysis is considered, TRB (2010) identified
LOS F for a component segment in two different ways:

» when v/c is greater than 1.00, or

» when the density is greater than 45 pc/mi/In for basic freeway sections or 43

pc/mi/In for weaving, merge, or diverge segments.
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The latter identifies segments in which queues have formed as a result of
downstream breakdowns.

TABLE 2.6: LOS criteria for freeway merging and diverging areas (TRB, 2010)

LOS Density (pc/mi/In) Comments
A <1l Unrestricted operations
B >11-18 Merging and diverging maneuvers noticeable
to drivers
C > 18-26 Influence area speeds begin to decline
D > 26-35 Influence area turbulence becomes intrusive
E >35-45 Turbulence felt by virtually all drivers
F Demand exceeds capacity Ramp and freeway queues form

2.5. Literature on Reliability based Level-of-Service Methods
Reliability based LOS may be defined in a variety of ways. The intent of this

discussion is to identify literature regarding options for consideration and their relative
strengths and weaknesses. In addition, LOS definitions require cut-off points
(boundaries) of the measurement unit to be established to define each LOS range.
However, based on the statistical analysis, one or more options for defining reliability
based LOS can be proposed. It should be noted that all reliability measures should be
scoped for accurate comparison between facilities. SHRP 2 Reliability Project LO8
(Kittelson and Vandehey, 2013) discussed several options for defining reliability based
LOS:

e Reliability LOS based on current LOS ranges

e Freeway reliability LOS based on travel speed ranges

e Freeway reliability LOS based on most restrictive condition

e Reliability LOS based on the value of travel
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2.5.1. Reliability LOS based on Current LOS Ranges

The simplest method for defining reliability LOS is to use the existing LOS
definitions, which is density for freeway facilities and basic freeway sections. This is
most consistent with current LOS concepts in the HCM. For each facility type, the
analysis procedure produces a distribution of the LOS measure. This distribution
represents the percent of trips that fall into each LOS range. However, the definition
could be based solely on the percent of trips in LOS F alone. Density based LOS criteria
for freeways are a significant departure from the concept of travel time reliability.
Furthermore, the travel times do not vary much over a wide range of density based LOS
ranges (A to E are in the unsaturated range). All oversaturated conditions are grouped
into a single LOS F category. In addition, the density thresholds for weaving sections are
lower than that of other freeway sections which, in turn, further complicate the use of
density as the fundamental measure of reliability.

However, it is difficult to disseminate the distribution rather than a single LOS
value to the non-technical audiences. Therefore, only the percent of trips in LOS F or E
and F can be reported. While a single value has the most consistency with HCM
practices, the use of a distribution provides a provision to a reliability analysis. A
reliability analysis always captures a range of operating conditions on the same facility,
attributed to the various sources of (un)reliability. Therefore, using a distribution of LOS
values intrinsically mirrors the variability of traffic conditions on the facility.
2.5.2. Reliability LOS based on Travel Speed Ranges

In this approach, travel speed ranges are constructed for all roadway types similar

to that for urban streets. The travel speed is analogous to space means speed (SMS) over
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the entire facility or segment and the LOS ranges may be based on percentages of the free
flow speed, the same for urban streets or may be set at fixed SMS values. Due to the
insensitivity of travel speeds to a wide range of density and v/c values (current LOS A
through D), LOS ranges can be extended to the oversaturated conditions. This option
would conceptually make freeway reliability LOS consistent with urban streets and urban
streets segments. However, the problem is to present a distribution rather than a single
LOS value.

2.5.3. Reliability LOS based on Most Restrictive Condition

The above two methods provide a distribution rather than a single “grade” to
define a highway’s LOS, which may be confusing to the non-technical parties who are
used to a single LOS value. As mentioned earlier, one approach would be to focus on the
percentage of trips in LOS F, rather than providing percentages for each LOS range,
which is a departure from how LOS ranges are defined in the current HCM.

As an alternative to all these, reporting the “most restrictive condition” would
provide travel speed boundaries to observe the percentage of trips greater than or equal to
each travel speed. A second threshold value, the cumulative percentage of trips for the
restrictive condition, is required. The cell value greater than or equal to the threshold
gives the LOS value. This is functionally equivalent to selecting a percentile value for a
threshold and seeing where it fits. Instead of using the 75" percentile TTI, the 25™
percentile space mean speed could be used. Instead of travel speed, reliability metric can
also be used as the threshold value establishing reliability LOS based on a single value
but in a simpler manner. It establishes LOS ranges for a reliability metric and makes the

assignment solely based on where the facility’s calculated value falls. For consistency, all
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the space means speed may be converted to TTI. The LOS can be defined on the basis of
the full distribution of TTI on the fraction of time TTI exceeds a given value, which can
be associated with LOS F, or on the basis of a range at a specified TTI percentile of 75",
80™, or 95" Though this method overcomes the problem of presenting a distribution, two
values are required to be set for providing a percentage threshold for the trips that fail to
meet LOS criteria, and the ranges for each LOS category.

2.5.4. Reliability LOS based on the Value of Travel

The concept for this method is to translate both the value of typical (average)
travel time and travel time reliability into travel time equivalent values to assign a cost to
them. Afterwards, the LOS ranges are assigned based on unit costs per traveler. This is a
departure from traditional LOS approach; however, such an option can be applied to both
interrupted an uninterrupted facilities.

Small et al. (2012) adopted the quantitative measure of variability as the upper tail
of the distribution of travel times. This is specifically the difference between the 80" and
50™ percentile travel times, arguing that this measure is better than a symmetric standard
deviation, as travelers worry about being late than being early. Planning for the 80"
percentile travel time would mean arriving late for only 20% of the trips. Based on this,
“travel time equivalents” can be defined which have both typical (average) and reliability
components as the same unit. That means the reliability is equilibrated to average travel
time.

The calculation of travel time equivalents is:

TTe = TTm +a* (TTg() — TT5() ) (214)
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where,

TT. = Travel time equivalent on the segment or facility,

a = Reliability Ratio (VOR / Value of Time (VOT)),

TT, = Mean travel time, and,

TTgo and TTsg are the 80" and 50 percentile travel times, respectively.

The end result is an estimation of equivalent delay value, normalized to segment
length (delay per mile). The LOS ranges would then be set on delay per mile. Though
this method provides a single composite value for facility performance, calculation
methods and reliability ratios are required to be established. SHRP 2 Project C04
suggests a range of 0.5 to 1.5, but a review of past studies suggests that the range is more
in the 0.9-1.2 range. Therefore, a value of 1.0 seems to be very reasonable for composite
trips, though previous research indicates that the value of reliability varies by trip
purpose.

2.6. Integration of Fuzzy Logic in Transportation Related Problems
2.6.1. Fuzzy Logic

For the analysis and evaluation of any process, model definition is one of the most
important objectives (Arabani and Pourzeynali, 2005). According to Kosko (1996), the
results of a study depend on how to make decisions and approximations so that the model
can more realistically identify the system. The theory of fuzzy sets and fuzzy logic is a
fairly new field in mathematics identified by Iranian mathematicians and applied as a
powerful method in decisions. The basis of fuzzy logic is based on a mathematical model
of a physical phenomenon as a human argument and decision, and unlike the Bolean

logic, a logical proposition can admit a continuous value through zero and one of distance
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instead of a “true” or “false” value (Arabani and Pourzeynali, 2005). Zadeh (1973)
proposed that all discontinuous theories can be transformed into a continuous state
through a “fuzzification” process. Zadeh (1973) successfully showed that vague logical
statements enable the formation of algorithms that can use vague data to derive vague
inferences. The researcher assumed that the approach would be beneficial above all in the
study of complex humanistic systems. Mendel (1995) explained the concept of a fuzzy
logic system (FLS) as ““ a non-linear mapping of an input data (feature) vector into a
scalar output (the vector output case decomposes into a collection of independent
multi-input/single-output systems)”. In defining the fuzzy model, Cox (1995) identified
the main tasks as listed next.

e To choose the appropriate family of membership function corresponding to each

parameter,

e To determine the different parameters of the membership functions using the

previous studies and expert knowledge, and

e To modify the parameters of membership functions using an optimization

method.

According to Nahman (1997), the fuzzy logic is an appropriate theoretical basis for
network reliability evaluation in most applications. Such an approach has successfully
been used in the field of assurance sciences (Werma and Knezevic, 1994), process-
control systems (Bastani et al., 1994), and system criticality analysis (Palaez and Bowles,
1994) associated with reliability assessment and failure criteria definition. Fuzzy
arithmetic has also been proved as a successful approach for the reliability analysis of

power systems with fuzzy loads and component reliability indices (Miranda, 1996).
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2.6.2. Application of Fuzzy Logic in Transportation Operation

Pappis and Mamdani (1977) successfully used fuzzy logic to solve a practical
traffic and transportation problem. In the mid- and late-1980s, a group of Japanese
authors made a significant contribution to fuzzy set theory applications in traffic
and transportation. Nakatsuyama et al. (1983), Sugeno and Nishida (1985) and Sasaki
and Akiyama, (1986, 1987, and 1988) solved complex traffic and transportation problems
which indicate the great potential of using fuzzy set theory techniques in solving
transportation problems. At the end of the 1980s and beginning of the 1990s, the
fuzzy set theory in traffic and transportation was extensively used to examine
highway LOS (Chakroborthy, 1990), research transshipment problem (Perincherry and
Kikuchi, 1990), solve linear programming in transportation (Kikuchi et al., 1991), and
model vehicle scheduling (Kikuchi, 1992). Different traffic and transportation related
problems were successfully solved using fuzzy set theory techniques, that includes
freeway ramp analysis (Chen et al., 1990), route choice (Lotan and Koutsopoulos, 1993),
origin—destination matrix (Xu and Chan, 1993), traffic safety planning (Akiyama and
Shao, 1993), traffic signalization (Chang and Shyu, 1993), and travel time information
service device (Akiyama and Yamanishi, 1993).

Many problems related to transportation planning and traffic control are often not
well defined, ambiguous, and vague, and many of the problems, phenomena, and
parameters are characterized by subjectivity (Sarkar et al., 2012). According to the
researchers, subjective judgment is present in problems dealing with the choice of route,
mode of transportation and carrier, a driver’s perceptions and reactions, an established

LOS, defining safety standards, and defining criteria to rank alternative transportation
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plans and projects. Both deterministic and stochastic models, developed to solve a
variety of complex traffic and transportation problems, are characterized by binary logic.
Though using the binary logic as the basis of the development of many scientific
disciplines and technology led to the societal prosperity, it should be emphasized that it
cannot deal effectively with passengers’, dispatchers’, or drivers’ feelings of uncertainty,
vagueness and ambiguity. As the fuzzy set theory recognizes that this vagueness exists in
some sets, different fuzzy set theory techniques need to be used to properly model traffic
and transportation problems characterized by ambiguity, subjectivity, and uncertainty
(Sarkar et al., 2012).
2.7. Limitations of Prior Researches

Though a lot of researches have been conducted on identifying the best travel
time reliability statistics, there is still no consensus on this issue. The SHRP 2 Reliability
Project LO8 (Kittelson and Vandehey, 2013) documentations stated that “it is difficult to
say which metric should be highlighted as the primary reliability metric; a lot depends on
the specific application being used”.

TRB (2010) argued that speed cannot represent LOS on freeway segments as they
remain constant through a broad range of flows. From an operational analysis
perspective, LOS A to C do not carry much weight as the road users experience little to
no-variation in performance. Therefore, some researchers argue that these three LOS can
be merged together for the operational analysis purposes.

In addition, it is extremely difficult to appoint LOS F based on the current method

as it is practically a difficult task to record when v/c goes over 1. Therefore, a new LOS
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method for planning purposes that can carry meaningful explanation to both road users
and planners is a timely response to this problem.

Kittelson and Vandehey (2013) conceptualized and described several ideas to use
travel time reliability to establish freeway LOS. However, it is still in preliminary stage
and there is a lack of consensus on the best approach. This dissertation brings harmony
among all the density criteria and replaces them with travel time, speed, and travel time
reliability thresholds. This approach should be compatible with what the planners have
been using so far. Nevertheless, it will provide a readily identifiable LOS under all
circumstances, which in turn will provide more opportunity to deploy a dynamic traffic

control and planning scheme.



CHAPTER 3: RESEARCH METHOD

3.1. Introduction

The previous chapter provided literature related to the travel time based metrics
and LOS criteria, and how the reliability measures can be used as a tool to express
freeway LOS. This chapter identifies a new method to define travel time and travel time
reliability based LOS and provides insights into the method to achieve the research
objectives.
3.2. Microscopic Simulation Model Development

A large number of scenarios arise due to a combination of various factors for
estimating the vehicular density. These range from network conditions to traffic
characteristics. It is not practically feasible and not always possible to obtain data for all
such scenarios from the field. In addition, there is no analytical model available that can
represent the freeway conditions realistically considering all these scenarios. Therefore,
VISSIM traffic simulation software was used to compute the vehicular density and
speed/travel time information for different freeway sections, such as basic freeway
section, merging/diverging area, and weaving section.

VISSIM is a state-of-the-art microscopic, behavior-based multimodal traffic
simulation model (PTV, 2014). Its dynamic traffic assignment model can answer route
choice dependent questions, which in turn, can help assess the relationship between the

vehicular density and user travel time/speed.
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3.2.1. Database

The database required to develop microscopic models include speed profile along
the freeway, street centerline network, and traffic counts obtained from the permanent
traffic count stations. For the calibration purpose, manual travel time data and queue
length data are also required.

3.2.2. Model Calibration and Validation

Model calibration is utmost important to ensure the adaptability and generality of
a model. Otherwise, the model will lose its validity to be used for all scenarios.
Calibration ensures model’s consistency, accuracy, and reliability (MSL, 2009), which
are extremely important in developing generalized model criteria.

VISSIM model calibration is the process used to achieve adequate validity of the
model by establishing suitable parameters so that the model replicates local traffic
conditions as closely as possible. Calibration, described in the following chapter, is
achieved by iteratively changing model parameters to replicate the traffic patterns,
congestion, bottlenecks, and driver behavior observed within the study area. Validation of
the calibrated parameters is also important to produce an accurate and credible model.
From a performance modeling standpoint, the criteria for judging the goodness of models
should be based on how accurately measures extracted from the model correspond to the
measures which would be obtained from the represented system (field).

3.2.3. Development of Hypothetical Sections

Several hypothetical sections are developed for the establishment of density—

travel time, density—speed and density—travel time reliability relationships. The

experiments are performed based on different speed limit criteria that prevail on the
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freeways with the use of VISSIM traffic simulation software. The three section types
(basic freeway section, weaving section, and merging/diverging area) are evaluated based
on demand fluctuations, different lane configurations, and lengths. Demand on the
freeway and on-ramp/off-ramp are fluctuated to obtain the randomness in general. Three
different mainline demand conditions (off-peak, mid-day, and peak) are evaluated based
on 15-minute flow rate for each combination. Other critical criteria include the length and
the number of lanes of the section. Both of the factors affect the maneuverability of the
roadway users and operation on the freeway.

3.2.4. Density Computation

The densities for each of these combinations are obtained from VISSIM traffic
simulation model. In addition, according to FHWA, the HCS software is intended to be a
faithful implementation of the HCM, which computes the LOS exactly according to the
HCM methods (FHWA, 2013). HCS, in general, can be used to compute the LOS of
basic freeway section, weaving section, and merging/diverging areas. Hence, for each of
these hypothetical section combinations, densities are also computed based on the HCM
method. HCS 2010 software was used to perform the analysis. Both of the densities are
computed on hourly basis.
3.2.5. Density Comparison

A comparison between densities obtained from HCS using HCM method and
densities generated through VISSIM for the same combination provides better
understanding of the relationship between densities from the two methods. A correlation
matrix table is generated to show the correlation between VISSIM based densities and

HCM method based densities. A high correlation coefficient between them indicates that
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the calibrated microscopic simulation model can effectively represent the roadway
operation identified by HCM and the results can be used to generate appropriate LOS
criteria.

3.2.6. Generation of VISSIM Travel Time based Metrics

The average travel times for each hour are generated from the VISSIM software
for the same combinations described in Sub-section 3.2.4. The travel times are converted
to travel time per mile prior to post-processing and further analyses to have a meaningful
relationship due to the length variations used in hypothetical combinations.

One-minute travel time data are also generated for all the combinations to
compute 95™, 50", and 5" percentile travel times for each hour. Travel time reliability is
a measure of consistency based on data for several days during a time period (preferably
for a year). Though data for several days were not used, the concept is still applicable and
adopted based on microscopic simulation outputs for considered time periods in this

research. The equations used to compute PTI and BTI are as follows.

95P (T
PTI (T)ZT((T)) (3.1)
95 P (T)—50 P (T
BTI(T) = 50P (D) (M (3.2)
where,

95p = 95™ percentile of average travel time,
50P = 50™ percentile of average travel time,
5P = 5" percentile of average travel time, and

T = Observation period.
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3.2.7. Density — Travel Time based Metrics Relationship Development

The hourly average travel time (5 o percentile) per mile and their respective
hourly density values from VISSIM traffic simulation software models are paired
together to establish a density — travel time per mile relationship for different speed limit
criteria. Based on these relationships, the travel time per mile thresholds for different
LOSs comparable to the density LOS thresholds suggested by TRB’s Highway Capacity
and Quality of Service Committee are developed. Likewise, density — speed thresholds
are also developed for different freeway posted speed limits. Speed values (space mean
speed) are computed from the average travel time per mile values.

Similarly, the hourly PTT and BTI values computed from VISSIM travel time
outputs are paired with their respective VISSIM hourly density values to obtain density —
PTI and density — BTI relationships for different posted speed limits. Travel time
reliability thresholds are computed based on different density threshold values suggested
by TRB’s Highway Capacity and Quality of Service Committee.

3.3. Implementation of Travel Time Reliability LOS
3.3.1. Travel Time Data

For the implementation of obtained results, a freeway corridor is selected for
travel time and travel time reliability analysis over a certain period of time. The travel
time data from the INRIX (a travel time database provider) provide the required historic
travel time data for that specific corridor. Based on the INRIX data, Traffic Message
Channel (TMC) codes along that selected corridor are obtained. Information on average
travel time, average speed, and link lengths for each TMC codes for every 5-minute

interval are collected and analyzed for segment level analysis.
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3.3.2. Section Level LOS

The PTI and BTI values are computed for the selected TMC code for different
observation periods. The observation period is a significant criterion in identifying the
travel time reliability indices. The travel time reliability index values depend largely on
how much data are processed. An analysis is performed to show their significance in the
travel time reliability computation. The travel time reliability based metrics are compared
against their respective travel time reliability LOS thresholds to identify the travel time
reliability LOS for each timestamp considered.
3.3.3. Section Level Composite LOS

By using fuzzy logic set, the segment level composite LOS consisting of several
timestamp LOSs and, in turn, an overall network level LOS can be achieved for a specific
time window. The compatibility index (CI) for each segment of the freeways, which
defines the specified conditions, is computed using the average of the membership

function values as (Cox, 1995):

n

CI (3.3)

where, pi(x) is the degree of membership for the parameter in determining the
service level and N is the number of parameters. For each service level, CI is the average
value of the degree of membership of its basic parameters. This provides an idea of how
much each LOS approaches the desired conditions. By obtaining CI for each LOS, a

section level composite LOS identification can be achieved.



CHAPTER 4: MICROSCOPIC SIMULATION MODEL CALIBRATION AND
VALIDATION

4.1. Introduction

The previous chapter discussed the method to obtain freeway LOS based on travel
time and travel time reliability. This chapter focuses on the microscopic simulation
procedure to develop density — travel time metrics relationships based on a calibrated
model for different posted speed limits on freeways.

4.2. Model Calibration

Model calibration is of utmost important to ensure the adaptability and generality
of a model. Otherwise, the model will lose its validity to be used for other scenarios.
Calibration ensures model consistency, accuracy, and reliability (MSL, 2009), which are
extremely important in developing generalized model criteria.

VISSIM model simulation calibration helps the model replicate local traffic
conditions as closely as possible to achieve adequate validity of the model by establishing
suitable parameter values. The process includes iteratively changing model parameters
for replicating the traffic patterns, congestion, bottlenecks, and driver behavior observed
within the study area.

The calibration criteria from the FHWA’s Traffic Analysis Toolbox Volume IlI:

Guidelines for Applying Traffic Microsimulation Modeling Software Report (Dowling et
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al., 2004) has been utilized as a guide for the calibration purpose. Table 4.1 provides the
established VISSIM model calibration criteria.

TABLE 4.1: Calibration criteria based on FHWA’s Traffic Analysis Toolbox (Dowling et
al., 2004)

Criteria and Measures \ Calibration Acceptance Targets

Hourly Flows, Model Versus Observed
Individual link flows — within 15% > 85% of cases
Within 100 veh/hr, for flow < 700 veh/hr > 85% of cases
Within 15%, for flow > 700 veh/hr and for flow < > 85% of cases
2,700 veh/hr
Within 400 veh/hr, for flow > 2,700 veh/hr > 85% of cases
Sum of all link flows Within 5% of sum of all link

counts

GEH Statistic* < 5 for Individual Link Flows > 85% of cases

Travel Times, Model Versus Observed
Journey times, network — within 15% (or 1 min, if > 85% of cases
higher)

Visual Audits

Individual link speeds — visually acceptable speed— To analyst’s satisfaction
flow relationship
Bottlenecks — visually acceptable queuing To analyst’s satisfaction

* The GEH statistic, used in traffic modeling to compare two sets of traffic volumes, is an empirical
formula that has proven useful for a variety of traffic analysis purposes. The use of GEH as an acceptance
criterion for travel demand forecasting models is recognized in the Wisconsin microscopic simulation
modeling guidelines and FHWA’s Traffic Analysis Toolbox.

The GEH statistic is obtained as follows:
B ,(E—V)"Z
GEH = _(E+V)/2 4.1
where,
E = Model estimated volume, and
V = Field count.
4.3. Case Study Area

Interstate 295 (I-295) is a north-south limited access facility in the city of

Jacksonville, Florida that provides an eastern and western bypass around the city. The
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case study area comprised of a six-mile portion of the [-295 eastern bypass from the
Town Center Parkway service interchange to the State Route 5 (SR 5) (or US 1— Phillips
Highway) service interchange. This segment of [-295 is an important link in the state’s
interstate system providing a major north-south access around the Jacksonville urban
area.

Six interchanges along 1-295 (four service interchanges and two system-to-system
interchanges) were considered for the simulation. The model also includes two service
interchanges along SR 202 (J. Turner Butler Boulevard) due to their close proximity to I-
295. The following interchanges were included in the study:

1-295 Interchanges:

e SR 5—Service interchange
e SR 9B — System-to-system interchange
e SR 152 (Baymeadows Rd) — Service interchange
e QGate Parkway — Service interchange
e SR 202 — System-to-system interchange
e Town Center Parkway — Service interchange
SR 202 (J. Turner Butler Blvd) Interchanges:
e (Gate Parkway — Service interchange
e Kernan Boulevard — Service interchange

In addition, along the arterials, the model included the ramp terminal intersections

and one signalized intersection adjacent to these ramp terminal intersections. Figure 4.1

illustrates the case study area location and the area of influence.
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@ Intersections

Influence Area

FIGURE 4.1: Case study area for microscopic simulation model development
4.4. Data Collection for Calibration and Validation

The data collection process involved the collection and preparation of all the data
necessary for the microscopic simulation analysis, which requires extensive input data

including but not limited to:
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¢ Roadway geometry data
e Existing demand (tube counts, turning movement counts, etc.)
e Control data (signal timings, stop/yield signs, regulatory/advisory speed limits,
etc.)
e C(Calibration data (capacities, travel times, queues, etc.)

4.4.1. Roadway Geometry Data

Year 2011 aerial imageries were obtained from the Florida Department of
Transportation (FDOT) in the form of Multi-resolution Seamless Image Database
(MrSID) files. These MrSID files provided the necessary roadway geometry information,
including the number of lanes, length of acceleration/deceleration lanes, curvature, and
similar elements. However, the roadway geometry data (MrSID files) were later modified
using the aerial imagery at [-295 & SR 9B Interchange and two other intersections due to
the geometric modification carried out by FDOT and local authority.

4.4.2. Demand Data

Tube counts containing 48-hour weekday vehicular data were collected at all the
entrance and exit ramps within the study area. Additionally, 48-hour vehicle
classification counts were also collected along 1-295. AM and PM peak periods (AM
peak period — 6:00 AM to 9:00 AM, and PM peak period — 3:00 PM to 6:00 PM) turning
movement counts were collected at 21 ramp terminal intersections (Figure 4.1), four
mainlines, and 24 on-/off-ramps along [-295. Traffic volume data collected in the field
was supplemented with the most recent data (Year 2012) available from FDOT Florida

Traffic Information (FTI) online website (TSO, 2014). According to suggestion of
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FDOT, a one percent annual growth rate was applied to this information to obtain the
base year (2013) volumes.

The volume balancing was carried out by holding the ramp volumes constant and
balancing the arterial movements using the turn percentages obtained from the traffic
counts. These base year (year 2013) traffic volumes were used in the VISSIM models,
where multi-hour simulations were performed at 15-minute intervals.

4.4.3. Bluetooth Data

Preliminary travel time and speed data along the [-295 corridor were collected
from the 1-95 and 1-295/S.R. 9A Bluetooth Data Analysis report (FDOT District 2, 2012).
This report also contains preliminary origin-destination information along the 1-295
corridor.

4.4.4. Control Data

Traffic signal timing data for both AM and PM peak hours were obtained from
FDOT District 2 Traffic Operations. Field visits were carried out to verify the signal
timing and phasing information, and record stop/yield sign locations, regulatory/advisory
speed limits, and guide sign locations.

4.4.5. Calibration Data
4.4.5.1. Traffic Volumes

The balanced AM and PM peak hour traffic volume data and the 15-minute
distribution percentage were obtained from the Design Traffic Memorandum (DTM)
provided by FDOT. This data set was used to verify the traffic volume criteria during the
calibration of the VISSIM models. Table 4.2 provides the hourly volume percentages

from the DTM.
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TABLE 4.2: Conversion percentages for hourly volumes

Time Period AM Peak Period PM Peak Period
Pre-Peak Hour (Hour 1) 64.18% 84.76%
Peak Hour (Hour 2) 100.00% 100.00%
Post-Peak Hour (Hour 3) 86.95% 83.16%

4.4.5.2. Travel Times

To identify and quantify congestion along the 1-295 corridor, travel time data
were collected during normal weekdays. This data set was used to calibrate the travel
times in the VISSIM models. AM and PM peak hour travel time runs were conducted
using probe vehicles. Runs were conducted from the south of US-1 to the north of Town
Center Parkway. A total of eight runs in the AM peak hour and six runs in the PM peak
hour were conducted along the 1-295 corridor. A total of four runs were conducted along
the SR 202 corridor. The average values of travel times recorded were used for the
VISSIM model travel time calibration.

4.4.5.3. Visual Bottleneck Locations

During the travel time data collection, visual bottlenecks and speed drop zones
were identified and the maximum back of queues along 1-295 mainline and ramps within
the study area were documented. Maps showing the bottleneck locations and the extent of
the queues were prepared to aid in the VISSIM model calibration.
4.4.5.4. Queue Study

A queue study was conducted independently through FDOT between at the
interchange intersections shown in Figure 4.1 to record the maximum and average queue
lengths for all the intersection approaches. The queue study data were used to calibrate

the microscopic simulation models.
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4.5. Base Model Development
The VISSIM simulation model for this study included the 1-295 mainline travel
lanes, ramp merge/diverge areas, ramp terminal intersections, and adjacent signalized
intersections.
4.5.1. Roadway Geometry
The VISSIM network for the existing conditions analysis was developed using
year 2011 aerial imagery (MrSID files) obtained from FDOT as outlined in Sub-section
4.4.1. A preliminary roadway network comprising of links, connectors and storage bays
for turn movements was created. Links are one-directional segments of freeways or
surface streets representing the length of the segment and containing data on the
geometric characteristics of the road or highway between connectors. HCM method was
used in coding the links and is described as below:
e Basic freeway sections — used for all the locations that do not encounter a
merging/diverging area or weave section
e Merging/diverging areas — 1,500 ft downstream of merging point and 1,500ft
upstream of diverging point
e Weaving sections — between successive on- and off-ramps where interference
with freeway traffic was observed
e Urban arterials — arterial roadways
4.5.2. Speed Distributions
The “Desired Speed Decisions” and “Reduced Speed Areas” were coded in
VISSIM based upon the type of roadway segment/facility. Desired speed decision points

in VISSIM change the speed of vehicles while crossing them, and should be used when



58
the free-flow speeds of an area have a significant change due to the posted speed limit,
geometric change, topography, or other factors. Additionally, reduced speed areas are
temporary zones with a reduced speed and should be used to code small sections where
vehicles have a significant change in speed (e.g., ramps, turning movements etc.).

The desired speed decisions were based on the posted speed limits. The speed
profiles for [-295, SR 9B, and SR 202 (J. T. Butler Blvd) were generated from the speed
data of the Bluetooth report as discussed in Sub-section 4.4.3 (Figure 4.2). For arterials,
the upper and lower limits for the speed distribution were selected as a linear distribution
within a range of five mph of the posted speed as suggested in the “Protocol for VISSIM
Simulation” by Oregon Department of Transportation (ODOT) (Mai et al., 2011). A 2.5

mph range of the advisory speed was used on system ramps.

ﬂ Desired Speed Distribution 2

No. 3 Name:  1-295/SR9B

55.0 e 750 mph

0.00

[ OK l | Cancel |

FIGURE 4.2: Speed profile for I-295/SR 9B/SR 202

Mai et al. (2011) also suggests an upper limit of 15 mph and a lower limit of 9

mph for right turning vehicles. They also recommend a value of about 15 mph for left
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turning vehicles. A 2.5 mph range of this speed criterion was used for the left turns to
achieve the upper and lower limits.

4.5.3. Vehicular Composition

The vehicular traffic in VISSIM comprises of different vehicle types. The vehicle

types used for the VISSIM models are:
e Cars (vehicle type: car - 100)
e Trucks or heavy goods vehicle (vehicle type: HGV - 200)

Truck percentages for [-295, SR 202 and SR 5 for the peak-period analyses were
determined using the recommended values from FDOT. The peak hour truck percentage
for SR 5 was used for all other arterials and side streets within the study area. Table 4.3
summarizes the truck percentages used in the calibration process.

TABLE 4.3: VISSIM vehicle composition

Roadway Car Percent Truck
Percent
[-295, SR 9B, 1-295 and I-95 Ramps 96.50 % 3.50%
SR 202 (J. T. Butler Blvd) 97.75 % 2.25%
SR 5 (US-1), SR 152 (Baymeadows Rd), Gate Pkwy, 0 o
Town Center Pkwy, Kernan Blvd 9920 % 0.80%
Cross Streets 99.20 % 0.80%

The default vehicle models in VISSIM are European vehicles, which do not
represent the vehicle type composition that is typical for North America. PTV Vision, the
software developers for VISSIM, have developed a “NorthAmericaDefault.inp” file with
vehicle models that contain inventory of vehicle fleet that provide an accurate
representation of vehicles types found in North America. Table 4.4 and 4.5 provide the

passenger car and heavy vehicle model distributions used in the VISSIM model,
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respectively. The default VISSIM software values for the maximum and desired
acceleration range (ft./sec?) , maximum and desired deceleration range (ft./sec?), weight
(kg) and power (KW) attributes were used for the two vehicles types (Cars and HGV).

TABLE 4.4: VISSIM model distribution for passenger cars

VISSIM Model Name Vehicle Name % Share Le(?gth
Ittruck ford f150 2009 Ford F-150 19.20% 17.75
Ittruck chevrolet silverado 2008 Chevy Silverado 15.10% 21.89
car_toyota camry 2006 Toyota Camry 13.50% 15.57
suv_ford explorer 2008 Ford Explorer 10.60% 16.05
car_honda accord 2003 Honda Accord 12.90% 15.62
van_plymouth voyager 1999 Plymouth Voyager 5.50% 16.01
suv jeep grand cherokee 2002 Jeep Cherokee 5.80% 15.23
van_nissan_quest 1995 Nissan Quest 6.40% 15.76
suv_gmc yukon xI 2008 GMC Yukon 5.00% 17.83
car nissan altima 2005 Nissan Altima 6.00% 16.02
TABLE 4.5: VISSIM model distribution for heavy vehicles
VISSIM Model Name Vehicle Name % Share | Length (ft)
hgv _aashto wb50 tractor, . o
hev aashto wb50 trailer WB50 Tractor-Trailer 47.78% 55.00
truck 3-Axle Single Unit |, (0, 33.51
Truck
hgv aashto wb40 tractor, . o
hev aashto wb40 trailer WB40 Tractor-Trailer 10.55% 45.72
4-Axle or More Single 0
hgv_flatbed truck Unit Truck 4.89% 32.58
hgv aashto wb67d_tractor, . 0
hev_aashto wb67d trailer. WB67D Tractor-Trailer 4.67% 73.25
hgv aashto wb65 tractor, . o
hev aashto wb63_ trailer WB65 Tractor-Trailer 4.44% 73.58

4.5.4. Control Devices
The signal timing and phasing data for the signal heads coded in VISSIM for all
the signalized intersections were provided by FDOT. A total of 19 signalized

intersections and two unsignalized intersections were included in the AM and PM peak
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hour VISSIM models. Ring Barrier Controller (RBC) files were developed using
SYNCHRO 8 software for the AM and PM peak periods and later imported into VISSIM.
Right-turn overlaps, permitted-protected left turning movements, and off-set information
were coded into the models to reflect field traffic signal operation.

Stop signs, conflict areas, and/or priority rules were coded for unsignalized
intersections. Conflict areas and/or priority rules were also coded into the microscopic
simulation model yielding conditions within the VISSIM network where traffic on a
minor street has to yield right-of-way for major street traffic (e.g., channelized right turns
and permissive left turns).

4.5.5. Traffic Volume Input

A 3.5 hour peak period VISSIM model that depicts buildup and dissipation of
congestion along [-295 within the study area was created for the AM and PM peak hours.
The 3.5 hours of simulation consists of 30 minutes of seeding time to load the network
with traffic to reach equilibrium between the number of vehicles entering and exiting the
network, an hour prior to the peak hour, the actual peak hour, and an hour after the peak
hour to recover from congestion after the peak hour. The input volumes in VISSIM
models were developed from the peak hour volumes and off-peak volume distribution
percentages from the DTM provided by FDOT, described in Sub-sub-section 4.4.5.1.
Volumes were entered into VISSIM as 15-minute flow rates through the entry links.

4.5.6. Traffic Routing

Static routing was used for directing traffic from one entry link to a desired
destination exit link for the AM and PM peak period VISSIM models. These static routes

were consolidated utilizing the “Combined Routes” feature in VISSIM to determine O-D
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patterns that originate from the entry links and end at various destinations within the
VISSIM network to avoid unrealistic driver behavior.

4.6. VISSIM Calibration Parameters

There are three calibration parameters in VISSIM based on operational
characteristics to replicate the field conditions. These three operational parameters are
generally modified in VISSIM to replicate the capacity observed along mainline basic
freeway sections, merging/diverging areas, and weaving sections. These parameters play
a large role in the capacity calibration of a micro-simulation model.
4.6.1. Driver Behavior Types

Wiedemann’s car following model (Wiedemann, 1974), a psycho-physical model,
is used for the microscopic simulation purpose in this research (a VISSIM default). The
basic assumption of the Wiedemann car following model is that a vehicle is in one of four
states of car following: free, approaching, following, or braking. The model defines the
driver perception thresholds and the regimes formed by these thresholds (Figure 4.3).
Both Wiedemann 74 and Wiedemann 99 car following models are similar in many ways
except that some of the thresholds in the Wiedemann 99 model are simpler and user
adjustable to model freeway traffic better. Therefore, the former one was applied to urban

arterial roads and the later one was used for freeways (VISSIM, 2012).
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FIGURE 4.3: Thresholds and regimes in the Wiedemann car following models
(Wiedemann, 1974)

4.6.1.1. Arterials

The default Wiedemann 74 parameters and lane changing parameters were used
for all the arterial driver behavior types and were reflecting field observed driver
behaviors. The following parameters incorporate the model (VISSIM, 2012).

e Average standstill distance (ax) defines the average desired distance between
stopped cars. It has a variation between = 3.2 ft, which is normally distributed
around 0.0 ft with a standard deviation of 0.1 ft.

e Additive part of desired safety distance (bx_add) and multiplication part of
desired safety distance (bx mult) affect the computation of the safety distance.
The distance “d” between two vehicles is computed using this formula below.

d =ax + bx (4.2)
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where, ax is the standstill distance.
bx =(bx add+bx mult*z)*v (4.3)
where, v is the vehicle speed (mph), z is a value of range [0,1] which is
normally distributed around 0.5 with a standard deviation of 0.15.

4.6.1.2. Freeways

The modeling process started with the creation of the four generic driver
behaviors that are observed on a freeway:

¢ Basic freeway sections

e Merging/diverging areas

e Weaving sections

The model did not replicate the field observed capacities along three sections of I-
295. The existing roadway characteristics and traffic operations along these three sections
were observed to be different from one another and a need to create three additional
driver behavior types was identified.

The dissertation used Wiedemann’s 99 car following model to replicate the usual
traffic behavior on freeways. Wiedemann’s 99 car following model uses ten parameters
with prefix “CC”. The first seven parameters (CCO-CC6) were used to determine the car-
following thresholds, while the rest were used to determine other states. The parameters
are defined next (VISSIM, 2012).

e (CCO (Standstill distance) defines the desired distance between stopped cars. It has

no variation.
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CC1 (Headway time) is the time (in sec) a driver wants to keep. The higher the
value, the more cautious the driver is. Thus, at a given speed v (ft/sec), the safety
distance dx_safe is computed as:

dx safe = CCO + CC1 *v.

The safety distance is defined in the model as the minimum distance a
driver will keep while following another car. This distance becomes the value
with the strongest influence on capacity in case of high traffic volume.

CC2 (‘Following’ variation) restricts the longitudinal oscillation or how much
more distance than the desired safety distance a driver allows before the driver
intentionally moves closer to the car in front. If this value is set to, for example,
13.12 ft, the following process results in distances (in ft) between dx _safe and

dx safe +13.12.

CC3 (Threshold for entering ‘Following’) controls the start of the deceleration
process, i.e., when a driver recognizes a preceding slower vehicle. In other words,
it defines how many seconds before reaching the safety distance the driver starts
to decelerate.

CC4 and CCS5 (‘Following’ thresholds) control the speed differences during the
‘Following’ state. Smaller values result in a more sensitive reaction of drivers to
accelerations or decelerations of the preceding car, i.e., the vehicles are more
tightly coupled. CC4 is used for negative and CCS5 for positive speed differences.
CC6 (Speed dependency of oscillation): Influence of distance on speed oscillation

while in following process. If set to 0 the speed oscillation is independent of the
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distance to the preceding vehicle. Larger values lead to a greater speed oscillation
with increasing distance.

CC7 (Oscillation acceleration): Actual acceleration during the oscillation process.
CC8 (Standstill acceleration): Desired acceleration when starting from standstill
(limited by maximum acceleration defined within the acceleration curves)

CC9 (Acceleration at 50 mph): Desired acceleration at 50 mph (limited by

maximum acceleration defined within the acceleration curves).

The four states of car following are determined using the following six thresholds.

AX: the desired distance between two stationary vehicles,

BX: the minimum following distance which is considered safe by the drivers,
CLDV: the points at short distances where drivers perceive that their speeds are
higher than their lead vehicle speeds,

SDV: the points at long distances where drivers perceive speed differences when
they are approaching slower vehicles,

OPDV: the points at short distances where drivers perceive that they are travelling
at a lower speed than their leader, and

SDX: The maximum following distance indicating the upper limit of car-

following process.

The relationship between the parameters and thresholds are defined by Equations 4.4

t0 4.9.

AX=L+CCO0 (4.4)
where, L is the length of the lead vehicle.

BX =AX+CCl *v (4.5)
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where, v is equal to subject vehicle speed if it is slower than the lead vehicle;
otherwise, it is equal to lead vehicle speed with some random errors. The error is
determined randomly by multiplying the speed difference between the two vehicles by a
random number between -0.5 and 0.5.
SDX =BX + CC2 (4.6)

= Ax - (SDX)i
(SDV)i=— ———=——-CC4 (4.7)

where, Ax is the space headway between the two successive vehicles calculated

from front bumper to front bumper.

CCé6
CLDV = *(Ax — L) — CC4 (4.8)
17000
CCeé6
OPDV =— *(Ax— L) -8 * CC4 (4.9)
17000

where, ¢ is a dummy variable which is equal to 1 when the subject vehicle speed
is greater than CCS5; 0 otherwise.

The CC7 parameter defines the actual acceleration during the oscillation process.
The CC8 parameter defines the desired acceleration when starting from standstill
condition and the CC9 parameter determines the desired acceleration at the speed of 50
mph.

The primary objective is to calibrate the CC parameters in order to adjust the
operational behavior on freeways and enable the microscopic simulation model operation
replicate and comparable to the general traffic operation. The car following parameters
were modified based on the suggested values provided by:

e FDOT in the Traffic Analysis Handbook: A Reference for Planning and

Operations report (SPO, 2014),
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e ODOT in the Protocol for VISSIM Simulation report (Mai et al., 2011),

e Other previous research and studies, such as Menneni et al. (2008), Gomes

et al., (2004), and (Woody, 2006).

The suggested ranges for the CC parameters from the FDOT Traffic Analysis

Handbook (SPO, 2014) and the ODOT Protocol for VISSIM Simulation report (Mai et

al., 2011) are provided in Tables 4.6 and 4.7, respectively.

TABLE 4.6: CC parameter suggested ranges by FDOT (SPO, 2014)

Calibration Parameter Default B asiscu Bges o0 li:/igaiin /
Value g
Segment Merge / Diverge
Freeway Car Following (Wiedemann 99)
CCO Standstill distance 4.92 ft >4.00 ft >4.92 ft
CC1 Headway time 09s 0.70 to 3.00 s 09t03.0s
CC2 'Following' variation 13.12 ft 6.56 t?t22'97 13.12 ttft) 39.37
CC3 Threshold for entering 'following' -8 use default
CC4 Negative 'following' threshold -0.35 use default
CCS5 Positive '"following' threshold 0.35 use default
CC6 Speed Dependency of oscillation 11.44 use default
CC7 Oscillation acceleration 0.82 ft/s’ use default
CC8 Standstill acceleration 11.48 ft/s’ use default
CC9 Acceleration at 50 mph 4.92 fi/s’ use default

The FDOT and ODOT handbooks suggested changing the Standstill Distance

(CCO0), Headway Time (CC1), and ‘Following’ Variation CC2 parameters to obtain

calibration criteria compliance. The models were initially run with the default values for

all driving behaviors. Calibration criteria were checked for compliance. Then an iterative

process was conducted to identify the modeling parameters that produced compliance

with all of the calibration criteria. During the iterative process the Standstill Distance
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(CCO0) value was not found to be having a major impact on the capacity of the sections
being analyzed. The Headway Time parameter (CC1) used in conjunction with
‘Following’ Variation (CC2) has the largest impact on capacity.

TABLE 4.7: CC parameter suggested ranges by ODOT (Mai et al., 2011)

Suggested Range
Default | Unit Basic Merging /
Segment Weaving

CCO Standstill distance 4.92 ft 45-5.5 >4.92
CC1 Headway time 0.9 S 0.85-1.05 0.90 - 1.50
CC2 'Following' variation 13.12 ft 6.56-2297 | 13.12-39.37
CC3 Threshold for entering -3 use default
'following'
CC4 Negative 'following' threshold -0.35 use default
CCS5 Positive 'following' threshold 0.35 use default
CC6 Speed Dependency of oscillation | 11.44 use default
CC7 Oscillation acceleration 0.82 | ft/s’ use default
CC8 Standstill acceleration 11.48 | ft/s’ use default
CC9 Acceleration at 50 mph 4.92 | fi/s” use default

The car following calibration parameters used are provided in Table 4.8 and were
developed as part of an iterative process. The CC1 and CC2 parameters were changed
and all other CC parameters were set as default values. For the validation purposes, the
final calibration parameters for the various driver behavior types were incorporated into

both the AM and PM peak period models.
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TABLE 4.8: VISSIM car following calibrated parameters

Wiedemann
99 Model Default
Parameters
CCo
(Standstill
Distance)
(ft.)
CCl1
(Headway 0.9 0.9 0.9 0.9 0.9 1 13 14
Time) (s)
cC2
('Following'
Variation)
(ft.)
CC3 (Thresh.
for Entering -8 -8 -8 -8 -8 -8 -8 -8
Following)
CC4
(Negative | ) 5 035 035 035 | -035 | -035 0.35 -0.35
Following
Threshold)
CC5
(Positive
'Following'
Threshold)
CC6 (Speed
depend. of 11.44 11.44 11.44 11.44 11.44 11.44 11.44 11.44
Oscillation)
cC7
(Oscillation
Acceleration)
(ft./s%)
CC8
(Standstill
Acceleration)
(ft./s%)
CC9
(Acceleration
at 50 mph)
(ft./s%)
Note: The entries in bold have been updated from the default value.

Basic Merging /
Freeway | Diverging

Segment | Segment | Segment

Weaving | Ramps 1 2 3

4.92 4.92 4.92 4.92 4.92 4.92 4.92 4.92

13.12 13.12 13.12 13.12 13.12 22.97 22.97 22.97

0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35

0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82

11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48

4.92 4.92 4.92 4.92 4.92 4.92 4.92 4.92

4.6.2. Lane Change Parameters

The lane change parameters were also adjusted in the model to replicate existing
field traffic operations. The below parameters were found to have some effect on driver

behavior during a sensitivity analysis.



e Necessary lane change parameters

e Maximum deceleration

e -1 ft/s” per distance

e Safety distance reduction factor

e (Cooperative lane change

The suggested ranges for the lane change parameters from the FDOT Traffic
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Analysis Handbook (SPO, 2014) and the ODOT Protocol for VISSIM Simulation reports

(Mai et al., 2011) are provided in Tables 4.9 and 4.10, respectively.

TABLE 4.9: Lane change parameter suggested ranges by FDOT (SPO, 2014)

Suggested Range
Calibration Parameter Default Value Basic Weaving / Merge /
Segment Diverge
Lane Change
. . -13 ft/s* (Own) <-12 fi/s”
Maximum deceleration -9.84 fi/s® (Trail) <8 fi/s?
2 4 200 ft (Freeway) > 100 ft
- 1 ft/s” distance 100 ft (Arterial) > 50 fi
. -3.28 ft/s* (Own) <-2.5 f/s”
Accepted deceleration -1.64 fi/s” (Trail) <15 fi/s?
Waiting time before diffusion 60 s use default
Min. headway (front/rear) 1.64 ft 1.5t06 ft
Safety distance reduction 0.6 0.1t0 0.9
factor
Max. degeleratlop for -9.84 fi/s2 29,84 ft/s
cooperative braking
Overtake reduced speed areas Depends on field observations
Advanced Merging checked
Emergency stop 16.4 ft Depends on field observations
Lane change 656.2 ft > 656.2 feet
Reduction facjtor for changing 0.6 default
lanes before signal
Cooperative lane change Unchecked Checked especially for freeway

merge / diverge areas




TABLE 4.10: Lane change parameter suggested ranges by ODOT (Mai et al., 2011)
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Defaults
General Behavior Free Lane Selection

Necessary Lane Change (route) Own Unit Trailing Vehicle Unit
Maximum deceleration: -13.12 ft/s® -9.84 ft/s’

- 1 ft/s? per distance: 200 ft 200 ft
Accepted deceleration: -3.28 ft/s> -1.64 ft/s”

Waiting time before diffusion: 60 s

Min. headway (front/rear): 1.64 ft

To slower lane if collision time above: 0 ]

Safety distance reduction factor: 0.6
Maximum deceleration for cooperative braking: -9.84 ft/s*
Overtake reduced speed areas: []*
Suggested Ranges
General Behavior Free Lane Selection

Necessary Lane Change (route) Own Unit Trailing Vehicle Unit
Maximum deceleration: -15to-12 ft/s’ -12to -8 ft/s®

- 1 ft/s* per distance: 150 to 250 ft 150 to 250 ft
Accepted deceleration: -2.5t0-4 ft/s” -1.5t0-2.5 ft/s”

Waiting time before diffusion: 60 s

Min. headway (front/rear): 1.5t02 ft

To slower lane if collision time above: 0to 0.5 ]

Safety distance reduction factor: 0.25t0 1.00
Maximum deceleration for cooperative braking: -8to-15 ft/s*
Overtake reduced speed areas: O*

* Leave box un-checked

The lane change calibration parameters used are provided in Table 4.11. The final

calibration parameters for the various driver behavior types were incorporated into both

the AM and PM peak period models for calibration and validation purposes, respectively.

The default value of 60 seconds for “Wait time before diffusion (sec)” was changed to

160 seconds to match the maximum cycle length observed within the AM and PM peak

period models. This enabled the vehicles not to diffuse prior to getting the green signal

and provided accurate queuing estimates near intersections.



TABLE 4.11: VISSIM lane change calibrated parameters
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Lane Change Basic Merge /

Parameters Default Freeway | Diverge Weave | Ramps | Seg.1 | Seg.2 | Seg.3
Max Decel, 1312 | -13.12 | -15.00 | -15.00 | -13.12 | -15.00 | -15.00 | -15.00
(own) (ft./s%)

Max Decel.
(trailing) (ft./sz) -9.84 -9.84 -12.00 -12.00 -9.84 -12.00 | -12.00 -12.00

7 P
1 fps” per dist 200 200 150 | 150 | 200 | 150 | 150 | 150
(own) (ft.)
-1 fps® per dist.
(trailing) (ft.) 200 200 150 150 200 150 150 150
Accepted Decel.
(own) (ft./s2) -3.28 -3.28 -3.28 -3.28 -3.28 -3.28 -3.28 -3.28
Accepted Decel.
(trailing) (ft./sz) -1.64 -1.64 -1.64 -1.64 -1.64 -1.64 -1.64 -1.64
Wait time before | ¢ 160 160 | 160 | 160 | 160 | 160 | 160
diffusion (sec)
Min. headway 1.64 1.64 1.64 1.64 164 | 164 | 1.64 1.64
(front / rear)
To slower lane -
collision time 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
above (sec)
Safety distance

. 0.60 0.60 0.60 0.25 0.60 0.60 0.60 0.60
reduction factor
Max. Decel. for
coop. braking -9.84 -9.84 -9.84 -9.84 -9.84 -9.84 -9.84 -9.84
(ft./s%)
Overtake
reduced speed Off Off Off Off Off Off Off Off
areas
Advanced On On On On On | On | On On
Merging
Cooperative Off Oon Oon on Oon Off On Off
Lane Change
Lateral
correction of rear Off Off Off Off Off Off Off Off
end position

Note: The entries in bold have been updated from the default value.

4.6.3. Lane Change Distance for Links

The “Lane Change Distance” in VISSIM can significantly affect freeway

operations and can be defined as the distance upstream of the merging/diverging area,

such as off-ramps and lane drops where drivers will start attempting to change lanes to

position them for the conditions ahead. The default lane change distance on a connector
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is 656.2 ft, which is too short to perform the appropriate lane changes. Therefore, there is
a need to adjust these values to match real-world driver reaction points as the commuters
often react well before the anticipated conditions ahead of them. The default value in
VISSIM was changed to 2,640 ft (0.5 mile) per lane for freeways and 1,320 ft. (0.25
mile) per lane for arterial links.

4.7. Measures of Effectiveness for Calibration

The VISSIM model provides various Measures of Effectiveness (MOEs) to
describe the operational performance of a modeled scenario. Several MOEs are available
for the comparison of field data to the modeled data, such as vehicular volumes, travel
times, speeds, delays, queue lengths, etc. The critical outputs for the calibration of traffic
operations on [-295 include the mainline volumes, travel times and speeds, and ramp
terminal intersection queues. The various data collection elements that need to be defined
to obtain the MOEs of interest are listed as follows.

e Link evaluations: volume, density, and speed information for all the roadways in
the VISSIM network.

e Travel time sections: number of vehicles, travel times, and speeds for freeway
mainline sections.

e Node evaluations: turning movement volume, delay time, and queue length for
study area intersections.

4.8. Number of Simulation Runs Required

Due to the stochastic nature of VISSIM microscopic simulation, the assigned
vehicle entry types, and route choices change based on the random seed value. The

results obtained from different individual random seeds can vary significantly. It is
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necessary to run VISSIM models multiple times with different random seeds to gain an
accurate reflection of the performance of the models. The VISSIM software has a built-
in, multi-run capability and an output processor that records performance measures from
each run, and summarizes them. This multi-run feature in VISSIM runs the model
multiple times, by changing the random seed number for each run. The output processor
collects user defined MOE data for the network over multiple runs and organizes the data
into a single database file.

The maximum number of runs required for a simulation depends on two primary
variables. They are:
e The variance in the mean of one or more MOEs selected, and
e The tolerable error as selected by the analyst (5-10%).
The formula used to determine the required number of simulation runs is presented
below (Sabra and Halkias, 2009):

_ (1.96)%c

52 Eq4.10

where,

n = required sample size (e.g., number of simulation runs),

1.96 = Z- value for the standard normal curve for 95% confidence,

6° = sample variance computed from the simulation results, and,

E = tolerable error for the sample mean (in same units as the mean).

The multi-run process requires an initial data set to be generated. An initial
sample with 10 simulations runs was performed for both AM and PM peak period
models. In most cases, these 10 runs will generate a sample size large enough to produce

a true statistical average of the results. However, this was verified using the above
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equation. The total network delay, average speed, and total network travel time were
chosen as the key MOEs to verify if the initial 10 runs were producing “statistically
significant” outputs. A 95% confidence interval and an allowable error of 7.5% (average
value of allowable range 5 to 10%) were assumed. Table 4.12 shows that both AM and
PM peak period models required a maximum of 6 runs to produce “statistically
significant” results for the chosen MOEs. Based on this analysis, the model calibration
results as well as the MOEs were prepared for the VISSIM models based on the average
values from 10 simulation runs with varying random seeds.

TABLE 4.12: Required number of runs computation

Total Network Delay
. Std. Deviation No. of Runs
Peak Period Mean (hr) (hr) Required
AM 924.36 84.46 6
PM 1,369.75 118.81 6
Average Speed
Peak Period Mean Std. Deviation No. of Runs
(mph) (mph) Required
AM 44.55 1.02 1
PM 40.08 1.15 1
Total Network Travel Time
. Std. Deviation No. of Runs
Peak Period Mean (hr) (hr) Required
AM 3,710.03 90.38 1
PM 4,194.86 114.19 1

4.9. Model Calibration

AM peak period microsimulation model was chosen for performing the
calibration process. Both visual examination and evaluation of statistical model outputs
were performed to accomplish the calibration process. The model calibration primarily
focused on replicating the traffic volume data, travel time/operating speed data, and

existing bottlenecks/congestion locations along [-295 based on field observations. This
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discussion provides a detailed comparison between model outputs and existing data
within the context of the calibration criteria.

4.9.1. Hourly Flows (Modeled vs. Observed)
4.9.1.1. Individual Link Flows

As defined by FHWA'’s Traffic Analysis Toolbox Volume III (Dowling et al.,
2004), a link falls under one of the three categories depending on the observed volumes
on the roadway segments:

e Low volume links (flow less than 700 vph),
¢ Medium volume links (flow between 700 vph and 2700 vph), and
e High volume links (flow greater than 2700 vph).

The calibration criteria vary depending on these three volume categories, as
summarized in Section 4.2 (Table 4.1). Based on these criteria, the volumes of all the
freeway and arterial links within the VISSIM network are compared to the existing traffic
volumes for each of the three hours within the peak periods. In addition, all of the
individual links were checked to see if they are within the15% threshold of the field
observed volume values as calibration criteria requires.

The first calibration check performed on the modeled volumes was to make sure
that the modeled traffic volumes are within 15% threshold of the field observed traffic
counts for at least 85% of the links within the VISSIM models. Table 4.13 provides a
summary of the total number of links analyzed and the number of links that are
complying with the identified criteria. This table illustrates that at least 98% of all links
during the AM peak period model are within the allowable 15% range during all three

hours of the peak period.



TABLE 4.13: Individual link flows — all links (within 15%) — AM peak period

. . Total No. of | Links within
Peak | Simulation ink . Percentage
Period Hour Links Criteria Compliant
(Observed) (Modeled)
Hour 1 199 197 99%
AM Hour 2 199 196 98%
Hour 3 199 195 98%
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In addition, low volume links (links with flow < 700 veh/hr) were checked to
ensure that the modeled traffic volumes are within 100 veh/hr of the field observed traffic
counts for 85% of these link types within the VISSIM model as specified in the FHWA’s
Traffic Analysis Toolbox (Section 4.2). Table 4.14 provides a summary of the total
number of links that fall under this category during the AM peak period and the number
of links that are complying with the criteria identified. This table shows that at least 98%
of all links that fall under this volume category are within the allowable 100 veh/hr range
during all three hours of the peak period.

TABLE 4.14: Individual link flows — low volume links (within 100 vph) — AM peak
period

. . Total No. of Links within
Peak Simulation ink L Percentage
Period Hour Links Criteria Compliant
(Observed) (Modeled)
Hour 1 73 73 100%
AM Hour 2 43 42 98%
Hour 3 55 54 98%

Medium volume links (links with flow >700 veh/hr and < 2,700 veh/hr) were also

checked to ensure that the modeled traffic volumes are within 15% of the field observed

traffic counts for 85% of these link types in the VISSIM models. Table 4.15 provides a

summary of the total number of links that fall under this category and the number of links

that are complying with the identified criteria. This table shows that all links (100%) that
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fall under this volume category are within the allowable 15% range during all three hours
of the peak period.

TABLE 4.15: Individual link flows — medium volume links (within 15%) — AM peak

period

) : Total No. of Links within
Peak Simulation ink I Percentage
Period Hour Links Criteria Compliant
(Observed) (Modeled)
Hour 1 92 92 100%
AM Hour 2 92 92 100%
Hour 3 84 84 100%

In case of high volume links (links with flow >2,700 veh/hr), the modeled traffic
volumes were checked to ensure that they fall within 400 veh/hr of the field observed
traffic counts for 85% of these link types within the VISSIM models. Table 4.16
provides a summary of the total number of links that fall under this category during the
AM peak period. More than 89% of all links falling under this category met the hourly
flow criteria range. In conclusion, the calibrated model had hourly flow compliant
percentage of 85% or better across the network for all three hours of the peak period.

TABLE 4.16: Individual link flows — high volume links (within 400 vph) — AM peak
period

. : Total No. of Links within
Peak Simulation ink I Percentage
Period Hour Links Criteria Compliant
(Observed) (Modeled)
Hour 1 34 34 100%
AM Hour 2 64 57 89%
Hour 3 60 60 100%

Tables Al to A3 (Appendix A) present detailed link volume calibration

information. Overall, the analysis of the modeled versus observed volumes presented
above indicates that the individual link flows for each of the three hours of AM peak

period met the volume criteria set.
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4.9.1.2. Sum of All Link Flows

The sum of individual links flows for all the freeway and arterial links within the
VISSIM network were compared to the sum of existing condition traffic volumes for
these links. The AM peak period model followed similar trend in terms of percent
difference within each hour of the peak period. Table 4.17 provides a summary of the
sum of link flows for the AM peak period. At a network level, the percent difference
between modeled and observed volume is within the FHWA’s 5 percent calibration target
criteria. As observed in the individual link flows, the percent difference of sum of all link
flows (modeled versus observed) is slightly higher for hour 2 (3.99 percent) as compared
to hours 1 and 3.The traffic less than the peak hour traffic was simulated in hour 1 and all
of this traffic demand was served. During hour 2, more traffic is entering the system, and
bottlenecks and speed drop zones were being developed within the network. Therefore,
the amount of traffic simulated when compared to the observed volume is lesser during
hour 2. In the third hour, the congestion was being relieved and the simulated volumes
increased. These observations are reflective of the field conditions observed.

TABLE 4.17: Sum of link flows — AM peak period

Peak | Simulation S.um of all S_um of all . Difference
Period Hour Link Flows Link Flows | Difference | Percentage
(Observed) (Modeled) (%)
Hour 1 275,841 283,058 7,217 2.62%
AM Hour 2 429,790 412,648 -17,142 -3.99%
Hour 3 373,699 378,431 4,732 1.27%

4.9.1.3. GEH Statistic

The GEH statistic is an empirical formula used in traffic engineering to compare

two sets of traffic volumes. The GEH statistic aids in avoiding pitfalls that occur when

using simple percentages to compare two sets of traffic volumes. A GEH value of less
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than 5.0 is considered a good fit between the hourly input volumes and the modeled
volumes. The calibrated model had GEH compliant percentage of 85% or better across
the network. Table 4.18 summarizes the GEH statistic summary.

TABLE 4.18: GEH statistic summary — AM peak period

Peak Simulation Total _Llnks Percentage Within
Period Hour N“”?ber of | with GEH (%) 85%
Links <5
Hour 1 199 196 98% Yes
AM Hour 2 199 186 93% Yes
Hour 3 199 198 99% Yes

4.9.2. Travel Time and Speed Data
4.9.2.1. Travel Times (Modeled vs. Observed)

Travel time segments were defined in the calibrated model in compliance with the
field data collection segments to generate the modeled travel time information for the
comparison. To identify and quantify congestion along 1-295 corridor, travel time data
were collected in the field using probe vehicles to assist in the calibration process (Sub-
sub-section 4.4.5.2). The modeled travel times along [-295 and SR 202 mainline were
compared with the field collected travel time information. Table 4.19 shows the travel
time calibration results compared with the field observation.

The criteria for travel time are met if the modeled travel times are within 15% of
the field measured travel time information. However, based on field observations and
travel time runs, the travel time variability ranges between 3 to 5 minutes in certain
congested segments (between US-1 and SR 152). In order to reasonably account for the
temporal variation of travel times, the modeled travel times were also checked to see if

they fall within one standard deviation of the field observed travel time values.



82

76 ZIWil JO 24E < 10) PIOYS 1Y) 199w somi] [PATa]
e e€l ac o€l 15¢ iopie] Ny 22
S3IA Zr 52 19 13 9 e 19 e 2C1 (] ¥l ERCTTEF] dutg-ug gs see-l 12
S3IA 1§} oL ¥ 2L 29 T4 s 2L SO°L £9 £21 dutg-u0 g =l dwe ‘pMg uewRy 0z
S3IA 220 (34 o 55 £9 25 o 55 (41 2% $2°0 weH-u0 PAg Neuay 1»rloid wbag &l
0T 335 | i?acq | i3ddq) | 13acy | i3ddp | 3oy | i3ddn | s | 223 . an
L3om proysesy [ FFET LTSIy | S5bweq 11 ast Sheey 25l | eeA bemay| (™) s e e
‘"-“‘i —U““ “'mh -nl’hh ‘U.-U“‘Q * =20 -. L !
Jmi] |Pami) WY
gzc | 161 e1c_ | I6t 155 iop1iog SIng 21
S3IA 521 5L o< 2L a9 17} 25 2l i3 29 =1} wilead pug dwey-ug gN 562 1}
S3IA <01 29 Qs 29 s 19 0s 29 E€0 (37 1y dwey-u0 SN $E2-| dutg-ug iy NEO a
EETN 211 19 ¥s £l EH £9 5 £l 901 19 Y duitg-ug g 1EQ w3loig wbsg [
Wil | 235 | ieac] | i3ddq) | 1eac] | iddpy | 13m0 | 13ddfy | "I | 2°% = = = a3
Laowi proyssiy ) FEEIL SOETSIY | pasqy enisiig sbsctyd Os 1 sbucy 151 In|tp bTasay (1=) z
PeIPPOM Swil PATILPIAIvEa0 saunanc oL e N
W) |Pamil WY e
iop1100 (air) 202 us
£92 215 Se'L Uy si'g lopiuod el | 5
S3IA 222 51 201 arl L=} ogl 201 arl VZ 121 S52 wiloig pug dweg-30 96 53 | ¢t
| 2491 13 FY] 401 £9 1oL E1 Q0L £5°1 2¢ 19 dwey-3i0 96 4S wey-ug (py smopeawiegl sl gd 2l
b1 1] 29 e ed i 29 13 221 £l [3.4] [Jueg-ug (P saoptowhed) 51l gs wey-u "y 1O 1
£ ) 55 5L 45 gL S5 b1} £0 9 hi1 ] dwty-ng had 31t Jueg-ug 931810 202 9 0
cil [T a5 oL 09 oL a5 al 0L 99 1z ducgug 939y 2oz gs ducg-ug g wegumol | € | as
L S0 £9 2] £9 b2 £9 29 €20 S 0 tg-uQ dmyg JNY wmo | wiloig wbg 2
iy 33% a0 | 1eddq) | 13m0 | isddqy | 13m0 | 1eddn | (=)
Easw proyssiq ) [TFFETLSTERIY [ pasn euisang Sbwcy Os 1 shucy 251 S ° -os -0
Pepom Gz smil 1ati] p?aissq0 =10 1 4 N
Wi |2aci] WY
FERT £19 ee'ol £59 £oe lopiuod el L
oLy 99 I i 29 b 15 [T W 9 20 weloid pu3 dwey-ug g (915 202 98 9
021 2L €5 02 19 i €5 02 [N} [ 12 duweg-ug g (910 202 duity-uQ “hmgd 1Y S
£Z1 L 22 01 21 0L S LOL arl 22 o€’ wey-ug Thingd 238D wey-uQ Lpd seoprawieg| il gy ¢
£0'9 29¢ [ £:18 0% [£:13 0% 052 e oe'y PES €12 |dutyg-ug [py saoprawieg) i) HS dwey-ug g€ S 3
270 ) 22 121 22 128 o) 1 891|201 £91 dutg o 9 oS durgugi-sn > | am
2v0 £Z [ ec g SC e2 ec as0 2> $90 dwed-u0 |-S0 wiloig wbeg
L] ELE3 Tsmc | 1vddq | ismoq | ieddp | iemoq | ieddpy | (v
Lyow proyssay | PRSI 30EISIY |~ p3zq ensaag E I IGEY ) Sbuey 151 ! o e o
PIPPOM 1557] Wi L [PatiL p34132q0 =1 1 4 N
Imi) |Paci] WY

10p11303 S62-1

Inoy yead NV — uostredwos awn) [9ARI] (61 v AT19V.L




83

The calibrated model for the AM peak period met the criteria for travel time as
94% of the freeway simulated sections evaluated were either within the 15% range or one
standard deviation (for sections with significant travel time variability) of the average
travel time observed in the field. The AM peak models reflected travel times that are
within one minute of the field observed travel time on the section where the travel time
calibration could not be achieved. Therefore, it can be concluded that the AM peak model
accurately reflected the field observed travel times.

4.9.2.2. Speed (Modeled vs. Observed)

The speeds along 1-295 were calculated utilizing the travel time data collected in
the field using probe vehicles outlined in Sub-sub-section 4.4.5.2. The field observed
speeds between various sections along [-295 were compared with the modeled speed
data. The pre-peak hour, peak hour, and post-peak hour (Hour 1, 2, and 3, respectively)
modeled speeds along mainline 1-295 were compared with the field collected speed data
during peak hour (Hour 2). The pre-peak hour (Hour 1) and post-peak hour (Hour 3)
existing conditions data was not available for comparison. Figure 4.4 shows the speed
chart comparing the modeled versus observed speeds for AM peak hour model.

During the AM peak hour, along 1-295 northbound direction, the modeled peak
hour speeds and field speed data show similar variation trends. The simulation produced
congestion between SR 5 and SR 152 accurately that was observed in the field. Along I-
295 southbound direction, the modeled peak hour speeds shows similar trends as the field
observed speed data between Town Center Parkway and Gate Parkway. However, the

trend between Gate Parkway and SR 5 differs slightly from the field observed speed data.
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By comparing the pre-peak hour, peak hour, and post-peak hour speeds during the
AM peak period, it is noted that along the [-295 northbound direction, Hour 3 showed
lower speeds than the peak hour (Hour 2) and the bottleneck areas are not completely
cleared. This observation was checked with Google™ Travel Time information that was
available online and was found to be consistent with the simulation model where the
congestion was extending into the third hour. However, for the current modeling effort,
the simulation time period was not extended beyond Hour 3 as no unmet demand was
observed in the model along I-295. Along the southbound direction, the pre-peak hour
(Hour 1) and the post-peak hour (Hour 3) showed higher speeds and lesser congestion
than the peak hour (Hour 2), except between the SR 202 and Gate Parkway on-ramps.
4.9.3. Visual Audits for Bottlenecks

Visual audits of the simulation runs were performed to verify the formation of
bottlenecks/queues in the AM peak period VISSIM model. Field visits were conducted to
identify visual bottlenecks, speed drop zones, maximum back of queues along [-295
mainline, and queuing along 1-295 off-ramps. An overview of the critical areas during the
AM peak period is summarized below:

e [-295 Northbound direction: SR 9B at I-295 is a major merge location. At this
location, the outside lane from SR 9B onto [-295 is dropped, followed in
succession by an inside lane drop along 1-295. This creates a major bottleneck in
the AM peak hour, especially when the [-295 northbound traffic is heavy.

e [-295 Southbound direction: No major bottlenecks were observed.
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Based on the visual audits performed, the AM peak period simulation model

reasonably replicates the bottlenecks, speed drop zones, maximum back of queues along

[-295 mainline, and queuing along [-295 off-ramps. Figure 4.5 shows the AM peak hour

VISSIM simulation in relation to the field observed bottleneck locations.
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FIGURE 4.5: Visual audits — AM peak hour bottleneck (simulated vs. observed)
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4.9.4. Ramp Terminal Queues

Node evaluation files were processed from the AM peak period model to produce
the modeled queue length information. A queue study was performed by FDOT for all
ramp terminal intersections within the study area as discussed in Sub-sub-section 4.4.5.4.
Field visits were conducted to validate and verify the provided queue data. Adjustments
were made to the intersection queue data near locations that showed considerable
difference in queue lengths between the queue study and field observations. This field
verified queue data were used for the calibration of the ramp terminal intersection queues.

The modeled queue lengths were compared to the average queue lengths near the
off-ramp (diverging) areas. The modeled values are considered to be within the
acceptable range of the observed queue length if they fall within the 95t percentile queue
value. The 95 percentile queue value range was calculated as being equal to the average
queue plus or minus 1.65 standard deviations. Tables 4.20 shows the ramp terminal
intersections queue calibration results for AM peak hour model.

4.9.5. Calibration Summary

The FHWA’s Traffic Analysis Toolbox Volume III (SPO, 2014) calibration
criteria for traffic volumes, travel times, speeds, and ramp terminal queues for the AM
peak period VISSIM model were met. The visual audits of the VISSIM simulation
showed buildup and dissipation of congestion consistent with the field observations. The
VISSIM model accurately reflected the existing traffic operations during the AM peak

period along 1-295.
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4.10. Validation of Calibration Parameters

For the validation purposes, the same base model developed for the AM peak
period simulation model was used for PM peak period model. Roadway geometry, speed
distributions, vehicular compositions, and control devices were kept identical to the
calibrated model. All the calibrated parameters were kept identical to validate the
parameters using the PM peak period data and by comparing the simulated and field
observed hourly flows, travel times, and speeds.

Similar to the calibrated model, a 3.5 hour peak period VISSIM model that
depicts buildup and dissipation of congestion along [-295 within the study area was
created, which includes 30 minutes of seeding time period to load the network with
traffic to reach equilibrium between the number of vehicles entering and exiting the
network, an hour prior to the peak hour, the actual peak hour, and an hour after the peak
hour to recover from congestion. The input volumes in PM peak period VISSIM model
were developed from the peak hour volumes and off-peak volume distribution
percentages from the DTM provided by FDOT, described in Sub-sub-section 4.4.5.1.
Volumes were entered into VISSIM as 15-minute flow rates through the entry links.
4.10.1. Hourly Flows (Modeled vs. Observed)

4.10.1.1. Individual Link Flows

The first validation check performed on the validation model was to make sure
that the modeled traffic volumes are within 15% threshold of the field observed traffic
counts for at least 85% of the links within the VISSIM models. Table 4.21 provides a
summary of the total number of links analyzed and the number of links that are

complying with the criteria identified. Similar to the AM peak period calibrated model,
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this table also illustrates that at least 98% of all links in the PM peak period model

(validation model) are within the allowable 15% range during all three hours of the peak

period.

TABLE 4.21: Individual link flows — all links (within 15%) — PM peak period

. . Total No. of | Links within
Peak | Simulation ink . Percentage
Period Hour Links Criteria Compliant
(Observed) (Modeled)
Hour 1 199 196 98%
PM Hour 2 199 195 98%
Hour 3 199 195 98%

In case of low volume links (links with flow < 700 veh/hr), Table 4.22 provides a

summary of the total number of links that fall under this category during the PM peak
period and the number of links that are complying with the criteria identified. This table
shows that all links which fall under this volume category were within the allowable 100
veh/hr range during all three hours of the peak period.

Medium volume links (links with flow >700 veh/hr and < 2,700 veh/hr) were also
validated to ensure that the modeled traffic volumes are within 15% of the field observed
traffic counts for 85% of these link types within the VISSIM models. Table 4.23
provides a summary of the total number of links that fall under this category. This table
shows that all links (100%) which fall under this volume category were within the
allowable 15% range during all three hours of the peak period.

TABLE 4.22: Individual link flows — low volume links (within 100 vph) — PM peak

period

) . Total No. of Links within
Peak Simulation ink S Percentage
Period Hour Links Criteria Compliant
(Observed) (Modeled)
Hour 1 53 53 100%
PM Hour 2 41 41 100%
Hour 3 54 54 100%




TABLE 4.23: Individual link flows — medium volume links (within 15%) — PM peak

period
Peak Simulation Tota! No. of Llnks_, W'Fhm Percentage
Period Hour Links Criteria Compliant
(Observed) (Modeled)
Hour 1 86 86 100%
PM Hour 2 90 90 100%
Hour 3 89 89 100%
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In case of high volume links (links with flow >2,700 veh/hr), the modeled traffic
volumes were checked to ensure that they fall within 400 veh/hr of the field observed
traffic counts for 85% of these link types within the VISSIM models. Table 4.24
provides a summary of the total number of links that fall under this category and shows
that more than 85% of all links falling under this category met the volume criteria range.
In conclusion, the validation model had hourly flow compliant percentage of 85% or
better across the network for all three hours of the peak period.

Tables A4 to A6 (Appendix A) present detailed link flow validation information.
In conclusion, the analysis of the modeled versus observed hourly flows presented above
indicates that the individual link flows for each of the three hours of PM peak period met
the hourly flows collected from the field.

TABLE 4.24: Individual link flows — high volume links (within 400 vph) — PM peak
period

. . Total No. of Links within
Peak Simulation ink . Percentage
Period Hour Links Criteria Compliant
(Observed) (Modeled)
Hour 1 60 60 100%
PM Hour 2 68 58 85%
Hour 3 56 56 100%
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4.10.1.2. Sum of All Link Flows

Similar to the calibration process, the sum of all individual link flows of the
validation model for all the freeway and arterial links within the VISSIM network were
compared to the sum of existing condition traffic flows for all these links. Table 4.25
provides a summary of the sum of link flows for the PM peak period. At a network level,
the percent difference between modeled and observed volume was within the FHWA’s 5
percent calibration target criteria. As observed in the individual link flows, the percent
difference of sum of all link flows (modeled versus observed) is slightly higher for hour 2
(3.93 percent) as compared to hours 1 and 3. Similar to the calibrated model, traffic less
than the peak hour traffic is simulated in hour 1 and all of this traffic demand was served.
As hour 2 served more volume, bottlenecks and speed drop zones were developed within
the network. Therefore, the amount of traffic simulated when compared to the observed
volume is lesser during hour 2. In the third hour, the congestion was being relieved and
the simulated volumes increased, which are reflective of the field conditions observed.

TABLE 4.25: Sum of link flows — PM peak period

Peak | Simulation S_um of all S_um of all _ Difference
Period Hour Link Flows Link Flows | Difference | Percentage
(Observed) (Modeled) (%)
Hour 1 373,752 374,848 1,096 0.29%
PM Hour 2 440,950 423,626 -17,324 -3.93%
Hour 3 366,685 377,178 10,493 2.86%

4.10.1.3. GEH Statistics
Table 4.26 summarizes the GEH statistic for the validation model. The validation
model had GEH compliant percentage of 93% or better across the network illustrating a

good fit between the hourly input volumes and the modeled volumes.



TABLE 4.26: GEH statistic summary — PM peak period

Peak | Simulation Total L'f‘ks Percentage Within
Period Hour N“”?ber of with (%) 85%
Links GEH <5
Hour 1 199 196 98% Yes
AM Hour 2 199 186 93% Yes
Hour 3 199 198 99% Yes

4.10.2. Travel Time and Speed Data
4.10.2.1. Travel Times (Modeled vs. Observed)

Travel time segments were defined in the validation model in compliance with the
calibrated model segments. As described in Sub-sub-section 4.4.5.2, the probe vehicle
travel time data were collected and compared for the validation purpose. The modeled
travel times along [-295 and SR 202 mainline were compared with the field collected
travel time information. Table 4.27 shows the travel time calibration results compared to
that of the field observation.

Approximately 94% of the freeway segments evaluated produced modeled values
that were either within the 15% range or one standard deviation (for sections with
significant travel time variability) of the average travel time observed in the field. The
modeled travel times were within one minute of the field observed travel times on
segments where the 15% range could not be met. In conclusion, the PM peak hour model

accurately reflected the field observed travel times.
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4.10.2.2. Speed (Modeled vs. Observed)

The pre-peak hour, peak hour, and post-peak hour (Hour 1, 2, and 3, respectively)
modeled speeds between different sections along mainline I-295 were compared with the
field collected speed data during peak hour (Hour 2). Figure 4.6 shows the speed chart
comparing the modeled versus observed speeds for PM peak period model.

The PM peak period model shows similar trend during peak hour in variation of
speed along the southbound direction between SR 202 and SR 5. In addition, along the
northbound direction the model shows similar trends as the field observed speeds
between Gate Parkway and Town Center Parkway.

4.11. Summary

The AM peak period model was calibrated based on criteria provided by FHWA’s
Traffic Analysis Toolbox Volume III (SPO, 2014). The validation of the calibrated
parameters was performed by implementing the calibrated parameters on the PM peak
period model and comparing them with field observed data. The PM peak period model

closely resemblances the field condition, which validates the calibration process.
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CHAPTER 5: DENSITY - TRAVEL TIME BASED METRICS: RELATIONSHIPS
AND ANALYSES
5.1. Introduction
The development, calibration, and validation of microscopic simulation model
were discussed in the previous chapter. This chapter focuses on the implementation of the
calibrated parameters using hypothetical freeway sections to establish density — travel
time and density — travel time reliability relationships for different freeway posted speed
limits.
5.2. Hypothetical Freeway Section Description
Several hypothetical sections were considered for the establishment of density —
travel time and density — travel time reliability relationships. The simulations were
performed based on different speed limit criteria on the freeway. The three freeway
section types (basic freeway section, weaving section, and merging/diverging area) were
evaluated based on demand fluctuations, different lane configurations, and lengths.
Figures 5.1 and 5.2 illustrate the VISSIM hypothetical section representations for basic
freeway section and merging/diverging area, and weaving section, respectively.
There are three types of geometric configurations for weaving sections defined in
HCM (TRB, 2010).
e Type A: Weaving vehicles in both directions must make one lane change to

successfully complete a weaving maneuver.
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FIGURE 5.1: VISSIM basic freeway section and merging/diverging area illustration

FIGURE 5.2: VISSIM weaving section illustration

e Type B: Weaving vehicles in one direction may complete a weaving maneuver
without making a lane change, whereas other vehicles in the weaving segment
must make one lane change to successfully complete a weaving maneuver.

e Type C: Weaving vehicles in one direction may complete a weaving maneuver
without making a lane change, whereas other vehicles in the weaving segment
must make two or more lane changes to successfully complete a weaving

mancuver.
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In this research, type A weaving section configuration was considered as this type
of weaving section is most commonly used on field and involves complex weaving
movements. The number of lane is another important factor. Several lane configurations
were used for all freeway sections types. Single lane ramp configuration was used in the
hypothetical section development. The length of the freeway section can also play an
important role in the travel time analysis. Therefore, different length configurations were
also evaluated for basic freeway section and weaving section. However, according to
Geometric Design of Roads Handbook (Wolhuter, 2015), the influence areas of merging
and diverging areas are, respectively, 1,500 feet downstream of a merge and 1,500 feet
upstream of a diverge measured from where the edges meet. Therefore, the
merging/diverging areas were restricted at 1,500 feet in the analysis. Table 5.1 provides a
summary of the network configuration considered.

TABLE 5.1: Hypothetical sections characteristics considered

Factors Basic Fr.eeway Weaving Section Merging/Diverging
Section Area
4 5 5
No. of Lanes 3 4 4
2 3 3
2,640 feet 2,640 feet
(0.50 mile) (0.50 mile)
Length 5,280 feet 3,000 fget 1,500 f@et
(1.00 mile) (0.55 mile) (0.28 mile)
10,560 feet 5,280 feet
(2.00 miles) (1.00 mile)

Four freeway posted limits (70 mph, 65 mph, 60 mph, and 55 mph) were

considered in the analysis with a +£12% tolerance limit. The on- and off- ramp speed

limits were kept at 45 mph with a £12% tolerance limit as the speed on the ramps are of

relatively little relevance to the analysis. The road users generally pick up the freeway
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posted speed limit while entering a merging area or stays at freeway posted speed limit
on a diverging area. Therefore, the speed limit at the ramps does not influence the traffic
operation at merging/diverging areas. Hence, different types of ramp configuration were
also not considered. Demand on the freeway and on- and off-ramp were fluctuated to
obtain the randomness, in general. Three different mainline demand conditions (off-peak,
mid-day, and peak) were evaluated based on 15-min flow rate for each combination. The
ramp demands were considered 2, 5, and 10% of the mainline demand for different
combinations. Table 5.2 describes the summary of the factors considered to achieve the
aforementioned relationships.

TABLE 5.2: Factors considered for hypothetical freeway sections

Factors Basic Fr.eeway Weaving Section Merging/Diverging
Section Area
70 mph (Upper Bound: 78.4 mph, Lower Bound: 61.6 mph)
65 mph (Upper Bound: 72.8 mph, Lower Bound: 57.2 mph)
Speed Profil
peed FTote 60 mph (Upper Bound: 67.2 mph, Lower Bound: 52.8 mph)
55 mph (Upper Bound: 61.6 mph, Lower Bound: 48.4 mph)
Il}:énﬁlljeSp ced 45 mph (Upper Bound: 50.40 mph, Lower Bound: 39.60 mph)
Demand Off-Peak, Mid-Day, Peak
2%, 5%, 10% of Off-Peak Mainline Demand
Ramp Demand 2%, 5%, 10% of Mid-Day Mainline Demand
2%, 5%, 10% of Peak Mainline Demand
Heavy Vehicles 3%

5.3. Density Comparisons
A statistical analysis was performed to examine the correlation between the
density values obtained from the microscopic simulation software (VISSIM) and HCM

method based macroscopic software (HCS) for each combination. Table 5.3 indicates that
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there is a strong correlation exists between the two densities, which further validates and

strengthens the applicability of the research method to develop proposed LOS thresholds.

TABLE 5.3: VISSIM densities vs. HCM densities — correlation coefficients

Section Type Speed Limit - 70 mph
4 Lanes | 3 Lanes | 2 Lanes | Overall
Basic Freeway Section 0.84 0.84 0.79 0.81
SLanes | 4 Lanes | 3 Lanes | Overall
Weaving Section 0.87 0.89 0.93 0.89
Merging 0.87 0.88 0.87 0.78
Merging / Diverging Area Diverging 0.68 0.71 0.76 0.71
Combined 0.77 0.74 0.64 0.69
. Speed Limit - 65 mph
Section Type 4 Lanes | 3 Lanes | 2 Lanes | Overall
Basic Freeway Section 0.81 0.83 0.82 0.81
SLanes | 4 Lanes | 3 Lanes | Overall
Weaving Section 0.91 0.92 0.97 0.93
Merging 0.88 0.91 0.90 0.80
Merging / Diverging Area Diverging 0.68 0.70 0.76 0.71
Combined 0.77 0.76 0.65 0.70
. Speed Limit - 60 mph
Section Type 4 Lanes | 3 Lanes | 2 Lanes | Overall
Basic Freeway Section 0.77 0.83 0.78 0.78
SLanes | 4 Lanes | 3 Lanes | Overall
Weaving Section 0.95 0.96 0.98 0.96
Merging 0.90 0.92 0.92 0.81
Merging / Diverging Area Diverging 0.67 0.73 0.79 0.72
Combined 0.77 0.74 0.65 0.70
. Speed Limit - 55 mph
Section Type 4 Lanes | 3 Lanes | 2 Lanes | Overall
Basic Freeway Section 0.74 0.83 0.79 0.78
SLanes | 4 Lanes | 3 Lanes | Overall
Weaving Section 0.96 0.96 0.98 0.96
Merging 0.92 0.94 0.94 0.82
Merging / Diverging Area Diverging 0.71 0.78 0.79 0.74
Combined 0.80 0.77 0.65 0.70

P-Value < 0.001

5.4. Density — Travel Time per Mile Relationship Development

The hourly average travel times were collected from the VISSIM software and

paired with their respective hourly densities from VISSIM. The travel times were
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converted to per mile travel times to have a meaningful relationship as different section
lengths were used in the experiment.

The relationship between density and travel time, or density and travel time
reliability metrics could be linear or non-linear in nature. Therefore, several trends were
examined. Based on the coefficient of determination (R-squared or R?) (in figures), it
was observed that a non-linear exponential model better fits the travel time per mile data
with their respective density values than any other linear or non-linear distribution
considered in this dissertation. In case of reliability metrics, a polynomial relationship
better suits the relationship between PTI and BTI with their respective density values.
Therefore, results based on exponential and polynomial distributions are only presented
in this dissertation.

5.4.1. Basic Freeway Section

Figures 5.3 to 5.6 illustrate the relationship between the density (pc/mi/ln) and
travel time/mile (sec) for 70, 65, 60, and 55 mph speed limits on a basic freeway section,
respectively. The relationships were developed based on the available lane exposure on
the freeway. A non-linear (exponential) relationship was observed between the two

variables. The R-squared value ranges from 0.75 to 0.96.
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(a) Basic freeway section (4 lanes)
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FIGURE 5.3: Density — travel time per mile relationship for 70 mph speed limit on basic
freeway section
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(a) Basic freeway section (4 lanes)
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FIGURE 5.4: Density — travel time per mile relationship for 65 mph speed limit on basic
freeway section
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(a) Basic freeway section (4 lanes)
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FIGURE 5.5: Density — travel time per mile relationship for 60 mph speed limit on basic
freeway section
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(a) Basic freeway section (4 lanes)
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FIGURE 5.6: Density — travel time per mile relationship for 55 mph speed limit on basic
freeway section
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5.4.2. Weaving Section

Figures 5.7 to 5.10 provide the scatter plots between the density (pc/mi/ln) and
travel time/mile (sec) for 70, 65, 60, and 55 mph speed limits on a weaving section,
respectively. The relationships were developed based on the available lane exposure on
the weaving section. An exponential relationship was observed between the two
variables. The R-squared value ranges from 0.76 to 0.88. It can be noted that the lower
the speed limit, the lesser the variability in the travel times.

5.4.3. Merging/Diverging Area

The relationship between the density (pc/mi/In) and travel time/mile (sec) for 70,
65, 60, and 55 mph speed limits on a merging/diverging area, are shown in Figures 5.11,
to 5.14, respectively, based on the available lane exposure. An exponential relationship
was observed between the two variables. The R-squared value ranges from 0.92 to 0.98.
However, as the maneuverability in merging and diverging areas is not similar in nature,
both of the areas are further analyzed separately. Figures 5.15 to 5.18 show the
relationship between density and travel time per mile in merging areas and Figures 5.19

to 5.22 for diverging areas.
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(a) Weaving section (5 lanes)
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FIGURE 5.8: Density — travel time per mile relationship for 65 mph speed limit on
weaving section
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(a) Weaving section (5 lanes)
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FIGURE 5.9: Density — travel time per mile relationship for 60 mph speed limit on
weaving section



(a) Weaving section (5 lanes)
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(a) Merging/diverging area (5 lanes)
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FIGURE 5.11: Density — travel time per mile relationship for 70 mph speed limit on
merging/diverging area



113

(a) Merging/diverging area (5 lanes)
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FIGURE 5.12: Density — travel time per mile relationship for 65 mph speed limit on
merging/diverging area
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(a) Merging/diverging area (5 lanes)
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FIGURE 5.13: Density — travel time per mile relationship for 60 mph speed limit on
merging/diverging area
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(a) Merging/diverging area (5 lanes)
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FIGURE 5.14: Density — travel time per mile relationship for 55 mph speed limit on
merging/diverging area
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(a) Merging area (5 lanes)
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FIGURE 5.15: Density — travel time per mile relationship for 70 mph speed limit on
merging area
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(a) Merging area (5 lanes)
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FIGURE 5.16: Density — travel time per mile relationship for 65 mph speed limit on
merging area
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(a) Merging area (5 lanes)
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FIGURE 5.17: Density — travel time per mile relationship for 60 mph speed limit on
merging area
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(a) Merging area (5 lanes)
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FIGURE 5.18: Density — travel time per mile relationship for 55 mph speed limit on
merging area
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(a) Diverging area (5 lanes)
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FIGURE 5.19: Density — travel time per mile relationship for 70 mph speed limit on
diverging area



121

(a) Diverging area (5 lanes)
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FIGURE 5.20: Density — travel time per mile relationship for 65 mph speed limit on
diverging area
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(a) Diverging area (5 lanes)
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FIGURE 5.21: Density — travel time per mile relationship for 60 mph speed limit on
diverging area
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(a) Diverging area (5 lanes)
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FIGURE 5.22: Density — travel time per mile relationship for 55 mph speed limit on
diverging area
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5.5. Density — Travel Time Reliability Indices Relationship Development
5.5.1. Planning Time Index

The 95" and 5™ percentile travel time information were also computed for each
hour using one-minute average travel time data from VISSIM. The information was used
to compute the PTI values for each hour using Equation 3.1 and later compared with their
respective hourly density values from VISSIM.
5.5.1.1. Basic Freeway Section

Figures 5.23 to 5.26 illustrate the relationship between the density and PTI for 70,
65, 60, and 55 mph speed limits on a basic freeway section, respectively. The
relationships were developed based on the available lane exposure on the freeway. A
non-linear (polynomial) relationship was observed between the two variables.

5.5.1.2. Weaving Section

Figures 5.27 to 5.30 provide the scatter plots between the density and PTI for 70,
65, 60, and 55 mph speed limits on a weaving section, respectively. The relationships
were developed based on the available lane exposure on the weaving section. A
polynomial relationship was observed between the two variables as well.

5.5.1.3. Merging/Diverging Area
The relationship between the density and PTI for 70, 65, 60, and 55 mph speed

limits on a merging/diverging area are shown in Figures 5.31 to 5.34, respectively, based
on the available lane exposure. A non-linear (polynomial) relationship was observed
between the two variables. Both merging and diverging areas are also evaluated
separately to identify if the maneuverability difference in those two areas have any
influence on PTI and their respective densities. Figures 5.35 to 5.38 illustrate the

condition for merging areas, while Figures 5.39 to 5.42 illustrate that of diverging areas.
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FIGURE 5.23: Density — PTI relationship for 70 mph speed limit on basic freeway

section
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(a) Basic freeway section (4 lanes)
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FIGURE 5.24: Density — PTI relationship for 65 mph speed limit on basic freeway

section
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(a) Basic freeway section (4 lanes)
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FIGURE 5.25: Density — PTI relationship for 60 mph speed limit on basic freeway

section
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(a) Basic freeway section (4 lanes)
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FIGURE 5.26: Density — PTI relationship for 55 mph speed limit on basic freeway

section
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FIGURE 5.27: Density — PTI relationship for 70 mph speed limit on weaving section
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(a) Weaving section (5 lanes)
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FIGURE 5.28: Density — PTI relationship for 65 mph speed limit on weaving section
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(a) Weaving section (5 lanes)
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FIGURE 5.29: Density — PTI relationship for 60 mph speed limit on weaving section
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(a) Weaving section (5 lanes)
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FIGURE 5.30: Density — PTI relationship for 55 mph speed limit on weaving section
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FIGURE 5.31: Density — PTI relationship for 70 mph speed limit on merging/diverging
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(a) Merging/diverging area (5 lanes)

6.00
5.00
4.00
E3.00
2.00
1.00 v =-0.0013x2+ 0.1195x - 0.5386
0 10 20 30 40 50 60
VISSIM Density (pc/mile/ln)
6.00 (b) Merging/diverging area (4 lanes)
5.00
4.00 *
_ ®» 6
= 3.00 S0’
2.00 g .
1.00 y =-0.0014x2+ 0.131x - 0.5777
000 R2= 06939
0 10 20 30 40 50 60
VISSIM Density (pc/mile/In)
6.00 (c) Merging/diverging area (3 lanes)
3
5.00 ’: ‘0—
4.00 * *
F 3.00 b
- ca ¥
2.00 %
1.00 M l y =-0.0013x%+ 0.1512x - 0.7366
0.00 R2=0.6619
0 10 50 60

20 30 .40
VISSIM Density (pc/mile/ln)

134

FIGURE 5.32: Density — PTI relationship for 65 mph speed limit on merging/diverging
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(a) Merging/diverging area (5 lanes)
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FIGURE 5.33: Density — PTI relationship for 60 mph speed limit on merging/diverging
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(a) Merging/diverging area (5 lanes)
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FIGURE 5.34: Density — PTI relationship for 55 mph speed limit on merging/diverging
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FIGURE 5.35: Density — PTI relationship for 70 mph speed limit on merging area

137



6.00
5.00
4.00

E 3.00

(a) Merging area (5 lanes)

y =-0.0015x>+0.1276x - 0.5567
R2=0.7579

2.00
1.00
0.00
0 10 20 30 40 50 60
VISSIM Density (pc/mile/In)
(b) Merging area (4 lanes)
6.00
>00 y=-0.0015x2+ 0.1236x - 0.4294
F3.00
o R “’0’
2.00
L 3K 2l 2 2
1.00
0.00
0 10 20 30 40 50 60
VISSIM Density (pc/mile/In)
(c) Merging area (3 lanes)
6.00
500 y =-0.002x2+ 0.1531x - 0.6009
2 =
4.00 R>=0.7599
F3.00
o
00 b *o
2.00
2
1.00
0.00
0 10 20 30 40 50 60

VISSIM Density (pc/mile/In)

FIGURE 5.36: Density — PTI relationship for 65 mph speed limit on merging area
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FIGURE 5.37: Density — PTI relationship for 60 mph speed limit on merging area
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(a) Merging area (5 lanes)
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FIGURE 5.38: Density — PTI relationship for 55 mph speed limit on merging area
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(a) Diverging area (5 lanes)
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FIGURE 5.39: Density — PTI relationship for 70 mph speed limit on diverging area
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FIGURE 5.40: Density — PTI relationship for 65 mph speed limit on diverging area
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FIGURE 5.41: Density — PTI relationship for 60 mph speed limit on diverging area
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(a) Diverging area (5 lanes)
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FIGURE 5.42: Density — PTI relationship for 55 mph speed limit on diverging area
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5.5.2. Buffer Time Index

From VISSIM, 95" and 50™ percentile travel time information were computed for
each hour and used to compute the BTI values for each hour using Equation 3.2. They are
coupled with their respective density values from VISSIM to establish the relationships
between them.
5.5.2.1. Basic Freeway Section

Figures 5.43 to 5.46 illustrate the relationship between the density and BTI for 70,
65, 60, and 55 mph speed limits on a basic freeway section, respectively. The
relationships were developed based on the available lane exposure on the freeway. A
non-linear (polynomial) relationship was observed between the two variables.

5.5.2.2. Weaving Section

Figures 5.47 to 5.50 provide the scatter plots between the density and BTI for 70,
65, 60, and 55 mph speed limits on a weaving section, respectively, based on the
available lane exposure. A polynomial relationship was observed between the two
variables.

5.5.2.3. Merging/Diverging Area
The relationship between the density and BTI for 70, 65, 60, and 55 mph speed

limits on a merging/diverging area, are shown in Figures 5.51 to 5.54, respectively. A
polynomial relationship was observed between the two variables. However, Figures 5.55
to 5.58 illustrate the relationship between BTI and their respective density values in
merging areas, while Figures 5.59 to 5.62 illustrate for the diverging areas to identify any

potential effect on BTI by the difference in maneuverability in these two areas.
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(a) Basic freeway section (4 lanes)
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FIGURE 5.43: Density — BTI relationship for 70 mph speed limit on basic freeway
section



(a) Basic freeway section (4 lanes)
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FIGURE 5.44: Density — BTI relationship for 65 mph speed limit on basic freeway

section
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(a) Basic freeway section (4 lanes)
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FIGURE 5.45: Density — BTI relationship for 60 mph speed limit on basic freeway

section
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(a) Basic freeway section (4 lanes)

1.00
0.80
e  V=-TE05¢+0.0134x-02383
0.60 R>=0.4537
E
m
0.40
0.20
0.00
10 20 30 40 50 60
VISSIM Density (pc/mile/In)
(b) Basic freeway section (3 lanes)
1.00
0.80
y =-0.0002x2 + 0.0242x - 0.3869
R>=0.4753
0.60 *
&
0.40 » &
$ S0
0.20 * 7y
N WL .
0.00
10 20 30 40 50 60
VISSIM Density (pc/mile/ln)
(c) Basic freeway section (2 lanes)
1.00
2
0.80
y =-0.0003x2+ 0.0325x - 0.5511
0.60 . R>=0.3084
E
m
0.40
0.20
0.00
10 50 60

20 30 40
VISSIM Density (pc/mile/In)

FIGURE 5.46: Density — BTI relationship for 55 mph speed limit on basic freeway

section
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(a) Weaving section (5 lanes)
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FIGURE 5.47: Density — BTI relationship for 70 mph speed limit on weaving section
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(a) Weaving section (5 lanes)
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FIGURE 5.48: Density — BTI relationship for 65 mph speed limit on weaving section
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(a) Weaving section (5 lanes)
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FIGURE 5.49: Density — BTI relationship for 60 mph speed limit on weaving section
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(a) Weaving section (5 lanes)
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FIGURE 5.50: Density — BTI relationship for 55 mph speed limit on weaving section
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FIGURE 5.51: Density — BTI relationship for 70 mph speed limit on merging/diverging
area
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FIGURE 5.52: Density — BTI relationship for 65 mph speed limit on merging/diverging
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(a) Merging/diverging area (5 lanes)
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FIGURE 5.53: Density — BTI relationship for 60 mph speed limit on merging/diverging
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(a) Merging/diverging area (5 lanes)
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FIGURE 5.54: Density — BTI relationship for 55 mph speed limit on merging/diverging
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(a) Merging area (5 lanes)
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FIGURE 5.55: Density — BTI relationship for 70 mph speed limit on merging area

158



1.00

0.80

0.60

BTI

0.40

0.20

0.00

(a) Merging area (5 lanes)

. .
P y =-0.0012x> + 0.0856x - 0.9728
S R2=0.5179
e
1“ Y
S
o ¢
WA i\
10 20 3 50 60

0 . 4})
VISSIM Density (pc/mile/In)

(b) Merging area (4 lanes)

1.00
P 4
080 ¢ ¢ ¢ y =-0.0014x2 + 0.0957x - 1.0326
R2=0.6912

_0.60
k

0.40 ‘_% s

» 0\‘\’0
0.20 * *q X
0.00 é
10 20 30 . 4}) 50 60
VISSIM Density (pc/mile/In)
Loo (c) Merging area (3 lanes)
. =

0.80 & ¢ y =-0.002x2 + 0.1253x - 1.2545
0,60 o TN R*=0.6337
5 s **

0.40 7S

® L 2B 4 “ >
g ¢
0.20 ‘
0.00 “
10 20 50 60

30 4
VISSIM Density (pc/mileﬂn)

FIGURE 5.56: Density — BTI relationship for 65 mph speed limit on merging area
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(a) Merging area (5 lanes)

20 30 .40
VISSIM Density (pc/mile/In)

1.00 o
0.80 te

' . y=-0.0011x2+0.081x - 0.9991
_0.60 o R>=0.6268
2 T

0.40 ¢ o 3o
/"’/ L 4 §\“\’
0.20 *—
0.00 4 3
10 20 30 . 4}) 50 60
VISSIM Density (pc/mile/In)
Lo (b) Merging area (4 lanes)
0.80 ¢ .—¢—¢‘

' . y=-0.0013x2+0.09x - 1.0386
060 o ¢ * R>=0.679
|_

.40
: e
/ ¢ O
0.20 . o
0.00 4&
10 20 30 . 4}) 50 60
VISSIM Density (pc/mile/In)
(c) Merging area (3 lanes)
1.00
L4
080 o y=-0.0017x>+0.1127x - 1.2057
060 ‘/-Q‘\ R2 = 0.6625
= < 4
@ 9,
0.40 { e %
2 2
0.20 "
0.00 ‘
10 50 60

FIGURE 5.57: Density — BTI relationship for 60 mph speed limit on merging area
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(a) Merging area (5 lanes)
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FIGURE 5.58: Density — BTI relationship for 55 mph speed limit on merging area
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(a) Diverging area (5 lanes)
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FIGURE 5.59: Density — BTI relationship for 70 mph speed limit on diverging area
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(a) Diverging area (5 lanes)
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FIGURE 5.60: Density — BTI relationship for 65 mph speed limit on diverging area
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(a) Diverging area (5 lanes)
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FIGURE 5.61: Density — BTI relationship for 60 mph speed limit on diverging area

164



(a) Diverging area (5 lanes)
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FIGURE 5.62: Density — BTI relationship for 55 mph speed limit on diverging area
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5. 6. Travel Time and Travel Time Reliability LOS Thresholds
5.6.1. Travel Time per Mile and Speed based LOS Thresholds

The average travel time per mile and speed threshold values were computed
against HCM density thresholds based on the non-linear relationships presented in Sub-
section 5.4.1 for a basic freeway section. For example, for the 4-lane basic freeway

0.0172
*, where y denotes

section, the exponential relationship observed was: y = 39.2¢
travel time per mile and x denotes density (pc/mi/ln). Based on the relationship, travel
time per mile thresholds were computed based on density threshold values for different
LOS criteria. Speed thresholds were computed based on their respective travel time per
mile thresholds values. Table 5.4 illustrates the summarized values for this example. Note
that the speed threshold for LOS A can exceed the posted speed limit due to extreme low
densities and the upper tolerance limit used in the analysis. For those instances, the

posted limit can be used as a cut-off point for LOS A.

TABLE 5.4: Travel time per mile and speed thresholds computation illustration

LOS Density (pc/mi/In) TT/mile (sec) Speed (mph)
Thresholds Thresholds Thresholds
A 11 47 76
B 18 53 67
C 25 60 60
D 36 73 49
E 45 85 42
F > 45 > 85 <42

Table 5.5 provides average travel time per mile and speed LOS threshold values
corresponding to HCM density thresholds. It can be seen that average travel time per mile
threshold values for respective LOS letters increase as the speed limit decreases until the

condition comes close to a saturation point where the speed limit on the freeway does not



have any influence on the operation. It can also be noted that as the posted limit
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decreases, the percent difference between the two respective adjacent travel time per mile

threshold values also decreases.

TABLE 5.5: LOS thresholds for travel time per mile and speed on basic freeway section

Travel Time/mile (sec) Thresholds |  Speed (mph) Thresholds
Density No. of Lanes
LOS ¢/mi/ln %
Igr})lreshold)s 4 3 2 Ave. Diff 4 3 2 Ave.
Speed Limit - 70 mph
A 11 47 47 47 47 76 76 77 76
B 18 53 53 53 53 13% 67 68 68 68
C 26 60 60 60 60 13% 60 60 60 60
D 35 73 72 73 72 21% 49 50 49 50
E 45 85 83 86 85 17% 42 43 42 43
> 45 or
F >85 | >83 [ >86 | >85 <42 | <43 | <42 | <43
v/c>1
Speed Limit - 65 mph
A 11 50 50 50 50 71 71 72 72
B 18 56 56 56 56 11% 64 65 65 65
C 26 62 62 62 62 11% 58 58 58 58
D 35 74 72 74 73 18% 49 50 49 49
E 45 85 82 85 84 15% 43 44 42 43
> 45 or
F >85 | >82 | >85 | >84 <43 | <44 | <42 | <43
v/c>1
Speed Limit - 60 mph
A 11 55 55 53 54 66 66 67 66
B 18 60 59 59 59 10% 60 61 61 61
C 26 65 65 65 65 10% 55 56 55 55
D 35 75 74 76 75 15% 48 49 47 48
E 45 84 83 87 84 12% 43 44 41 43
F ZASor | g4 | >83 | >87 | >84 <43 | <44 | <41 | <43
v/c>1
Speed Limit - 55 mph
A 11 60 61 58 59 60 59 62 61
B 18 64 65 63 64 8% 56 56 57 56
C 26 69 69 69 69 8% 52 52 52 52
D 35 77 77 79 78 12% 46 47 46 46
E 45 85 83 88 86 10% 42 43 41 42
F | 780 | 55| >83|>88| >86 <42 | <43 | <41 | <42
v/c>1
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Table 5.6 provides the average travel time per mile and speed threshold values
observed from the non-linear relationships as discussed in Sub-section 5.4.2 for the
respective HCM density thresholds of a weaving section. As noted for the basic freeway
sections, the percent difference between the two respective adjacent travel time per mile
threshold values decreases as the posted speed limit decreases.

TABLE 5.6: LOS thresholds for travel time per mile and speed on weaving section

Travel Time/mile (sec) Thresholds | Speed (mph) Thresholds
Density No. of Lanes
LOS c¢/mi/ln %
’l("{)lreshold)s > 4 3 Avg. Diff > 4 3 Avg.
Speed Limit - 70 mph
A 10 47 49 51 49 76 74 71 74
B 20 57 59 61 59 20% 63 62 59 61
C 28 67 68 70 68 16% 54 53 51 53
D 35 76 77 80 78 14% 47 47 45 46
E 43 89 90 92 90 16% 40 40 39 40
F Za3or 1 og9 | =90 | >92 | >90 <40 | <40 | <39 | <40
v/c>1
Speed Limit - 65 mph
A 10 51 52 55 53 70 69 65 68
B 20 60 60 63 61 16% 60 60 57 59
C 28 69 67 71 69 12% 52 53 51 52
D 35 77 75 78 76 11% 47 48 46 47
E 43 88 83 87 86 13% 41 43 42 42
F Za3or | gs | >83 | >87 | =86 <41 | <43 | <42 | <22
v/c>1
Speed Limit - 60 mph
A 10 57 57 60 58 63 63 60 62
B 20 64 65 67 65 12% 56 55 54 55
C 28 70 72 72 71 10% 51 50 50 51
D 35 76 78 78 77 8% 47 46 46 47
E 43 83 86 84 85 10% 43 42 43 43
F Zaor | g3 | 86 | >84 | >85 <43 | <42 | <43 | <43
v/c>1
Speed Limit - 55 mph
A 10 63 63 66 64 57 57 54 56
B 20 68 69 71 70 9% 53 52 50 52
C 28 73 75 76 75 7% 49 48 47 48
D 35 78 81 80 79 6% 46 45 45 45
E 43 83 87 85 85 7% 43 41 42 42
F Za3or | g3 | g7 | >85 | =85 <43 | <41 | <42 | <42
v/c>1
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Table 5.7 illustrates the average travel time per mile and speed threshold values in
relation to their respective HCM density thresholds observed from the non-linear
relationships as discussed in Sub-section 5.4.3 for merging/diverging area on a freeway.

TABLE 5.7: LOS thresholds for travel time per mile and speed on merging/diverging
area

Travel Time/mile (sec) Thresholds | Speed (mph) Thresholds
Density No. of Lanes
LOS c/mi/ln %
"1("11)1reshold)s > 4 3 Avg. Diff > 4 3 Avg.
Speed Limit - 70 mph
A 11 49 50 53 51 74 72 68 71
B 18 57 59 62 59 17% 63 61 58 61
C 26 68 71 75 71 20% 53 51 48 51
D 35 84 87 92 88 23% 43 41 39 41
E 43 100 105 110 105 20% 36 34 33 34
F Za4or o100 | >105 | > 110 | > 105 <36 | <34 | <33 | <34
v/c>1
Speed Limit - 65 mph
A 11 51 52 56 53 70 69 64 68
B 18 59 60 65 62 16% 61 60 55 58
C 26 70 72 78 73 19% 51 50 46 49
D 35 85 86 95 89 21% 42 42 38 41
E 43 101 102 113 105 19% 36 35 32 34
Fo| 78O sio1 | >102]>113]|>105 <36 | <35 | <32 | <34
v/c>1
Speed Limit - 60 mph
A 11 54 56 59 56 66 65 61 64
B 18 62 64 68 65 15% 58 56 53 56
C 26 72 75 81 76 17% 50 48 45 47
D 35 86 90 97 91 20% 42 40 37 40
E 43 101 106 115 107 17% 36 34 31 34
F Zaor o1 | =106 | > 115 | > 107 <36 | <34 | <31 | <34
v/c>1
Speed Limit - 55 mph
A 11 59 60 63 60 61 60 57 60
B 18 66 68 72 69 14% 54 53 50 53
C 26 76 78 84 79 16% 47 46 43 45
D 35 89 92 100 94 18% 40 39 36 39
E 43 102 106 117 108 16% 35 34 31 33
F 4ot 100 | =106 | >117 | > 108 <35 | <34 | <31 | <33
v/c>1
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Similar to basic freeway and weaving sections, as the posted limit decreases, the
percent difference between the two respective adjacent travel time per mile threshold
values also decreases. Tables 5.8 and 5.9 show the LOS thresholds for travel time per

mile and speed for merging and diverging areas, respectively.

TABLE 5.8: LOS thresholds for travel time per mile and speed on merging area

Travel Time/mile (sec) Thresholds | Speed (mph) Thresholds
Density No. of Lanes
LOS ¢/mi/In %
"1("11)1reshold)s > 4 3 Avg. Diff > 4 3 Avg.
Speed Limit - 70 mph
A 11 49 50 52 51 73 72 69 71
B 18 58 59 62 60 16% 62 61 58 60
C 26 69 72 77 73 18% 52 50 47 50
D 35 85 89 97 90 20% 43 41 37 40
E 43 101 107 120 109 18% 36 34 30 33
F Za3or | 101 | >107 | =120 | >109 <36 | <34 | <30 | <33
v/c>1
Speed Limit - 65 mph
A 11 52 53 55 53 69 68 66 68
B 18 60 62 65 62 14% 60 58 56 58
C 26 71 73 78 74 16% 50 49 46 48
D 35 86 89 97 91 18% 42 40 37 40
E 43 102 106 118 109 16% 35 34 31 33
>43 or
F >102 | >106 | >118 | >109 <35 <34 <31 <33
v/c>1
Speed Limit - 60 mph
A 11 55 56 58 57 65 64 62 63
B 18 63 65 68 65 13% 57 56 53 55
C 26 74 76 81 77 15% 49 47 45 47
D 35 88 91 98 92 17% 41 40 37 39
E 43 102 106 117 108 15% 35 34 31 33
Fo| 7800 4102 | >106 | >117 | >108 35 | <34 | <31 | <3
v/c>1
Speed Limit - 55 mph
A 11 60 61 62 61 60 59 58 59
B 18 68 69 71 69 12% 53 52 50 52
C 26 77 79 83 80 13% 47 46 43 45
D 35 90 92 99 94 15% 40 39 36 39
E 43 103 105 115 108 13% 35 34 31 34
Fo| 7400 1103 | >105 | >115 | >108 <35 | <34 | <31 | <34
v/c>1




TABLE 5.9: LOS thresholds for travel time per mile and speed on diverging area
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Travel Time/mile (sec) Thresholds |  Speed (mph) Thresholds
Density No. of Lanes
LOS ¢/mi/In %
"g)lreshold)s > 4 3 Ave. Diff > 4 3 Avg.
Speed Limit - 70 mph
A 11 48 50 53 50 74 73 67 71
B 18 57 58 62 59 15% 64 62 58 61
C 26 68 70 75 71 17% 53 51 48 51
D 35 83 86 91 87 18% 44 42 40 42
E 43 99 104 109 104 17% 36 35 33 35
Fol 78 | S99 | =104 | >109 | >104 <36 | <35 | <33 | <35
v/c>1
Speed Limit - 65 mph
A 11 50 52 56 53 72 69 64 68
B 18 58 61 66 62 14% 62 59 55 59
C 26 69 72 78 73 16% 52 50 46 49
D 35 84 87 95 89 18% 43 41 38 41
E 43 100 104 113 105 16% 36 35 32 34
F ZA30r 1 100 | 104 | >113 | >105 <36 | <35 | <32 | <34
v/c>1
Speed Limit - 60 mph
A 11 53 55 60 56 68 65 60 64
B 18 61 64 69 65 13% 59 57 52 56
C 26 71 75 81 76 15% 50 48 44 48
D 35 85 90 97 91 17% 42 40 37 40
E 43 99 106 115 106 15% 36 34 31 34
F Zaor 499 | =106 | >115 | >106 <36 | <34 | <31 | <34
v/c>1
Speed Limit - 55 mph
A 11 57 59 63 60 63 61 57 60
B 18 65 67 72 68 12% 56 54 50 53
C 26 75 78 84 79 14% 48 46 43 46
D 35 88 92 100 93 15% 41 39 36 39
E 43 101 107 117 108 14% 35 34 31 33
> 43 or
F >101 | >107 | >117 | >108 <35 <34 <31 <33
v/c>1

5.6.2. Travel Time Reliability LOS Thresholds

Table 5.10 shows travel time reliability LOS thresholds corresponding to HCM

density thresholds observed from the polynomial relationships discussed in Sub-sub-

sections 5.5.1.1 and 5.5.2.1 for PTI and BTI on a basic freeway section, respectively. It
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can be noted that the average reliability threshold values for their respective LOS letters
decrease as the posted speed limit decreases. For PTI based thresholds, the 95 percentile
travel time decreases as the speed limit drops but the 5t percentile travel times remain
relatively similar. In case of BTI based thresholds, the 95™ and 50™ percentile travel time
values become closer as the speed limit decreases. Furthermore, the percent difference
between two respective adjacent PTI threshold values remains relatively similar to slight
increase or decrease as the speed limit decreases. However, as the speed limit decreases,
the percent difference between two respective adjacent BTI threshold values increases.

Table 5.11 provides the PTI and BTI LOS thresholds observed from the non-
linear relationships discussed in Sub-sub-sections 5.5.1.2 and 5.5.2.2 for the respective
HCM density thresholds for a weaving section, respectively. As the speed limit
decreases, the average thresholds values for their respective LOS letters also decrease.
The percent difference between the two respective adjacent PTI threshold values remains
similar to slight increase or decrease as the speed limit decreases, while for BTI, the
percent difference tends to increase.

Table 5.12 illustrates PTI and BTI LOS threshold values in relation to their
respective HCM density thresholds observed from the polynomial relationships discussed
in Sub-sub-sections 5.5.1.3 and 5.5.2.3 for merging/diverging areas on a freeway,
respectively. As the speed limit goes down at the merging/diverging area, PTT LOS
thresholds for their respective LOS letters also tend to go down. However, for BTI, the
values do not follow any particular pattern. The percent difference between the two
respective adjacent PTI threshold values remain similar as the speed limit decreases,

while for BTI, the trend follows what was observed for that of basic freeway and weaving
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sections. Tables 5.13 and 5.14 further illustrate the reliability LOS thresholds for merging

and diverging areas, respectively.

TABLE 5.10: LOS thresholds for PTI and BTT on basic freeway section

PTI Thresholds | BTI Thresholds
Density No. of Lanes
LOS | (pc/mi/ln) % %
Thresholds | 4 3 2| Ave | iy |4 3 2| AVE | gy
Speed Limit - 70 mph
A 11 0.80 0.79 0.73 0.78 -0.08 | -0.11 -0.14 | -0.11
B 18 1.07 1.08 1.05 1.07 | 27% 0.05 0.06 0.05 0.05 30}3
0
C 26 1.27 1.29 1.31 1.29 | 17% 0.13 0.18 0.19 0.17 70%
D 35 1.44 1.49 1.60 1.51 15% 0.19 0.27 0.34 0.27 37%
E 45 1.45 1.53 1.74 1.57 4% 0.16 0.25 0.39 0.27 1%
F > 45 or < < < < < < < <
v/e<1 1.45 1.53 1.74 1.57 0.16 0.25 0.39 0.27
Speed Limit - 65 mph
A 11 0.77 0.79 0.74 0.77 -0.17 | -0.15 | -0.21 -0.18
B 18 1.03 1.02 1.02 1.03 | 25% 0.00 0.02 0.01 0.01 1§/76
0
C 26 1.23 1.19 1.25 1.23 | 16% 0.11 0.15 0.18 0.15 92%
D 35 1.43 1.34 1.51 143 | 14% 0.17 0.24 0.35 0.25 42%
E 45 1.49 1.36 1.63 1.49 4% 0.11 0.22 0.39 0.24 -4%
F > 45 or < < < < < < < <
v/e<1 1.49 1.36 1.63 1.49 0.11 0.22 0.39 0.24
Speed Limit - 60 mph
A 11 0.96 0.82 0.75 0.84 -0.09 | -0.16 | -0.22 | -0.16
B 18 1.03 0.99 0.98 1.00 | 16% 0.01 -0.02 | -0.03 | -0.01 13/83
(1)
C 26 1.13 1.14 1.19 1.15 | 13% 0.10 0.09 0.13 0.11 1(;0
0
D 35 1.35 1.31 1.45 1.37 | 16% 0.22 0.18 0.31 0.23 54%
E 45 1.58 1.40 1.61 1.53 | 10% 0.30 0.18 0.37 0.28 17%
. >45 or < < < < < < < <
viesl | 158 | 140 | 161 | 153 030 | 0.18 | 037 | 028
Speed Limit - 55 mph
A 11 1.04 0.95 0.77 0.92 -0.10 | -0.14 | -0.23 | -0.16
B 18 1.03 | 1.01 | 095 | 099 | 8% | -0.02 | -0.02 | -0.06 | -0.03 3(;8
0
C 26 1.07 1.07 1.11 1.08 8% 0.05 0.09 0.07 0.07 1;5
0
D 35 1.24 1.19 1.32 1.25 | 13% 0.15 0.23 0.23 0.20 64%
E 45 1.46 1.31 1.46 1.41 11% 0.22 0.30 0.30 0.27 26%
. > 45 or < < < < < < < <
vie<l 146 | 131 | 146 | 141 022 | 030 | 030 | 027




TABLE 5.11: LOS thresholds for PTI and BTI on weaving section
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PTI Thresholds | BTI Thresholds
Density No. of Lanes
LOS | (pc/mi/ln) % %
Thresholds | > | 4 | 3 [ A& | pip | 3 4 3| A | pifr
Speed Limit - 70 mph
A 10 0.85 | 092 | 1.01 | 093 -0.14 | -0.09 | -0.04 | -0.09
B 20 1.21 1.26 | 1.29 | 1.25 | 26% | 0.18 0.20 0.21 0.20 1;4
0
C 28 1.41 149 | 1.67 | 1.53 | 18% | 0.31 0.32 0.34 0.32 | 38%
D 35 1.53 1.68 | 2.10 | 1.77 | 14% | 0.32 0.34 0.40 0.36 9%
E 43 1.59 | 1.87 | 2.71 | 2.06 | 14% | 0.24 0.26 0.41 030 | -17%
F > 43 or < < < < < < < <
v/c>1 1.59 | 1.87 | 2.71 | 2.06 0.24 026 | 241 0.30
Speed Limit - 65 mph
A 10 0.79 | 090 | 1.09 | 0.93 -0.18 | -0.11 | 0.01 | -0.09
B 20 1.22 | 1.20 | 1.18 | 1.20 | 23% | 0.17 0.16 0.16 0.16 1;7
0
C 28 1.45 1.41 1.65 | 1.50 | 20% | 0.32 0.28 0.42 034 | 52%
D 35 1.57 | 1.57 | 2.34 | 1.83 | 18% | 0.36 0.31 0.75 047 | 28%
E 43 1.61 1.73 | 345 | 2.26 | 19% | 0.29 0.25 1.25 0.60 | 21%
F > 43 or < < < < < < < <
v/c>1 1.61 1.73 | 345 | 2.26 0.29 0.25 1.25 0.60
Speed Limit - 60 mph
A 10 099 | 1.04 | 1.15 | 1.06 -0.10 | -0.05 | 0.05 | -0.03
B 20 1.10 | 1.08 | 1.10 | 1.09 | 3% | 0.08 0.09 0.07 0.08 lojO
0
C 28 1.32 | 1.27 | 145 | 134 | 19% | 0.22 0.21 0.27 0.23 | 66%
D 35 1.60 | 1.56 | 2.03 | 1.73 | 22% | 0.34 0.33 0.58 042 | 44%
E 43 2.03 | 2.01 | 3.03 | 2.36 | 27% | 0.48 0.47 1.09 0.68 | 39%
F > 43 or < < < < < < < <
v/c>1 2.03 | 2.01 | 3.03 | 2.36 0.48 0.47 1.09 0.68
Speed Limit - 55 mph
A 10 1.05 1.00 | 1.17 | 1.07 -0.08 | -0.11 | 0.08 | -0.04
B 20 1.04 | 1.08 | 1.09 | 1.07 | 0% | 0.04 0.07 0.04 0.05 1;2
0
C 28 1.15 124 | 132 | 1.24 | 14% | 0.15 0.18 0.18 0.17 | 71%
D 35 1.35 146 | 1.72 | 1.51 | 18% | 0.26 0.26 0.44 032 | 46%
E 43 1.69 | 1.78 | 243 | 197 | 23% | 0.39 0.33 0.87 0.53 | 40%
F > 43 or < < < < < < < <
v/c>1 1.69 | 1.78 | 243 | 197 0.39 0.33 0.87 0.53




TABLE 5.12: LOS thresholds for PTI and BTI on merging/diverging area
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PTI Thresholds | BTI Thresholds
Density No. of Lanes
LOS | (pc/mi/ln) % %
Thresholds | > | 4 | 3 [ A& | pip | 3 4 3| A | pifr
Speed Limit - 70 mph
A 11 0.71 | 0.77 | 0.86 | 0.78 -0.15 | -0.07 | 0.07 | -0.05
B 18 1.34 | 141 1.66 | 1.47 | 47% | 0.24 0.29 0.38 0.30 10}7
0
C 26 1.89 | 1.97 | 241 | 2.09 | 30% | 0.53 0.60 0.65 0.60 | 49%
D 35 228 | 238 | 3.05 | 257 | 19% | 0.69 0.81 0.84 0.78 | 24%
E 43 241 | 2.56 | 345 | 2.81 | 8% | 0.66 0.88 0.92 0.82 5%
F > 43 or < < < < < < < <
v/c>1 241 | 2.56 | 345 | 2.81 0.66 0.88 0.92 0.82
Speed Limit - 65 mph
A 10 0.62 | 0.69 | 0.77 | 0.69 -0.19 | -0.14 | 0.03 | -0.10
B 20 1.19 | 1.33 1.56 | 1.36 | 49% | 0.14 0.25 0.38 0.26 1;9
0
C 28 1.69 | 1.88 | 232 | 1.96 | 31% | 0.40 0.57 0.69 0.56 | 54%
D 35 205 | 229 | 296 | 244 | 19% | 0.54 0.78 0.94 0.76 | 26%
E 43 220 | 247 | 336 | 2.67 | 9% | 0.53 0.83 1.07 0.81 7%
F > 43 or < < < < < < < <
v/c>1 220 | 247 | 336 | 2.67 0.53 0.83 1.07 0.81
Speed Limit - 60 mph
A 10 0.68 | 0.63 | 0.64 | 0.65 -0.24 | -0.17 | -0.05 | -0.15
B 20 1.10 | 1.19 | 141 | 1.23 | 47% | 0.09 0.14 0.30 0.18 157
0
C 28 1.51 1.71 | 213 | 1.79 | 31% | 0.36 0.40 0.62 046 | 61%
D 35 1.87 | 2.15 | 2.77 | 226 | 21% | 0.53 0.56 0.87 0.65 | 30%
E 43 212 | 240 | 3.17 | 2.56 | 12% | 0.56 0.60 0.99 0.72 9%
F > 43 or < < < < < < < <
v/c>1 2,12 | 240 | 3.17 | 2.56 0.56 0.60 0.99 0.72
Speed Limit - 55 mph
A 10 0.61 | 0.60 | 0.56 | 0.59 -0.29 | -0.20 | -0.10 | -0.20
B 20 1.02 | 1.08 | 1.22 | 1.10 | 46% | 0.02 0.10 0.21 0.11 2;8
(1)
C 28 140 | 1.53 1.83 | 1.59 | 30% | 0.27 0.37 0.50 038 | 71%
D 35 1.74 | 192 | 235 | 2.01 | 21% | 0.42 0.58 0.73 0.58 | 34%
E 43 1.97 | 2.16 | 2.67 | 226 | 11% | 0.43 0.69 0.86 0.66 | 12%
F > 43 or < < < < < < < <
v/c>1 1.97 | 2.16 | 2.67 | 2.26 0.43 0.69 0.86 0.66




TABLE 5.13: LOS thresholds for PTI and BTI on merging area
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PTI Thresholds | BTI Thresholds
Density No. of Lanes
LOS | (pc/mi/ln) % %
Thresholds | 2 4 oA | pip | 4 3| Ave | pigr
Speed Limit - 70 mph
A 11 0.74 | 0.83 0.90 | 0.82 -0.11 | -0.08 | -0.07 | -0.09
B 18 1.37 1.44 1.62 | 1.48 | 44% | 0.24 0.26 0.43 0.31 1038
0
C 26 1.88 192 | 2.16 | 1.99 | 26% | 0.51 0.49 0.74 0.58 | 46%
D 35 2.19 | 2,18 | 240 | 226 | 12% | 0.65 0.53 0.75 0.64 10%
E 43 224 | 218 | 229 | 223 | -1% | 0.62 0.37 0.46 048 | -33%
F > 43 or < < < < < < < <
v/c>1 224 | 2,18 | 229 | 2.23 0.62 0.37 0.46 0.48
Speed Limit - 65 mph
A 10 0.67 | 0.75 | 084 | 0.75 -0.18 | -0.15 | -0.12 | -0.15
B 20 125 | 131 | 151 | 136 | 45% | 0.18 | 024 | 035 | 026 1;8
0
C 28 1.75 1.77 | 2.03 | 1.85 | 27% | 0.44 0.51 0.65 0.53 | 52%
D 35 2.07 | 206 | 231 | 2.15 | 14% | 0.55 0.60 0.68 0.61 13%
E 43 2.16 | 2.11 228 | 218 | 2% 0.49 0.49 0.44 047 | -29%
F >43 or < < < < < < <
v/c>1 2.16 | 2.11 2.28 0.49 0.49 0.44 0.47
Speed Limit - 60 mph
A 10 0.65 0.75 0.85 | 0.75 -0.24 | -0.21 | -0.17 | -0.21
B 20 1.13 1.21 1.34 | 1.22 | 39% | 0.10 0.16 0.27 0.18 20}6
0
C 28 1.55 1.62 1.80 | 1.66 | 26% | 0.36 0.42 0.58 045 | 61%
D 35 1.85 195 | 219 | 2.00 | 17% | 0.49 0.52 0.66 0.55 18%
E 43 1.97 | 212 | 244 | 217 | 8% 0.45 0.43 0.50 046 | -21%
F >43 or < < < < < < < <
v/c>1 1.97 | 2.12 | 244 | 2.17 0.45 0.43 0.50 0.46
Speed Limit - 55 mph
A 10 0.60 | 0.76 | 0.82 | 0.73 -0.37 | -0.29 | -0.21 | -0.29
B 20 1.06 1.13 1.21 1.13 | 36% | 0.05 0.09 0.17 0.10 3(57
0
C 28 1.48 1.51 1.59 | 1.52 | 26% | 0.37 0.35 0.45 0.39 | 74%
D 35 1.81 1.85 194 | 1.87 | 18% | 0.53 0.46 0.58 0.52 | 25%
E 43 1.98 | 2.08 | 2.19 | 2.08 | 10% | 0.49 0.37 0.53 047 | -12%
F >43 or < < < < < < < <
v/c>1 1.98 | 2.08 | 2.19 | 2.08 0.49 0.37 0.53 0.47




TABLE 5.13: LOS thresholds for PTI and BTI on diverging area
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PTI Thresholds BTTI Thresholds
Density No. of Lanes
LO 1 (oe/mifin % %
0 o
S | Thresholds | > | * 3| AVE | i | 4 3| Ave | i
Speed Limit - 70 mph
A 11 0.57 | 0.58 0.74 | 0.63 -0.22 | -0.19 0.08 -0.11
B 18 1.32 | 148 1.90 1.57 | 60% | 0.25 0.35 0.47 0.36 1;2
0
C 26 1.99 | 2.27 298 | 241 | 35% | 0.63 0.81 0.81 0.75 53%
D 35 249 | 2.87 387 | 3.08 | 22% | 0.87 1.13 1.06 1.02 26%
E 43 272 | 3.15 437 | 341 | 10% | 0.90 1.24 1.16 1.10 7%
F > 43 or < < < < < < < <
v/c>1 2.72 | 3.15 437 | 341 0.90 1.24 1.16 1.10
Speed Limit - 65 mph
A 10 0.51 | 0.55 0.66 | 0.57 -0.26 | -0.27 0.05 -0.16
B 20 1.16 | 1.36 1.76 143 | 60% | 0.12 0.30 0.48 0.30 1;3
0
C 28 1.74 | 2.09 279 | 221 | 35% | 0.44 0.80 0.85 0.70 57%
D 35 220 | 2.65 3.63 2.83 | 22% | 0.65 1.16 1.12 0.97 28%
E 43 244 | 291 4.11 3.15 | 10% | 0.69 1.30 1.22 1.07 9%
F > 43 or < < < < < < < <
v/e>1 244 | 291 4.11 3.15 0.69 1.30 1.22 1.07
Speed Limit - 60 mph
A 10 0.63 | 042 0.53 0.53 -0.29 | -0.27 | -0.03 | -0.20
B 20 1.06 | 1.16 1.55 1.26 | 58% | 0.07 0.17 041 0.22 133
0
C 28 149 | 1.82 2.50 194 | 35% | 0.37 0.55 0.82 0.58 63%
D 35 1.89 | 2.34 328 | 2.51 | 23% | 0.57 0.82 1.13 0.84 31%
E 43 2.19 | 2.60 374 | 2.84 | 12% | 0.63 0.93 1.29 0.95 11%
F > 43 or < < < < < < < <
v/c>1 2.19 | 2.60 374 | 2.84 0.63 0.93 1.29 0.95
Speed Limit - 55 mph
A 10 0.55 | 043 040 | 046 -0.30 | -0.27 | -0.10 | -0.22
B 20 097 | 1.05 1.34 1.12 | 59% | 0.00 0.06 0.28 0.11 3(30
o
C 28 1.36 | 1.62 2.22 1.73 | 36% | 0.25 0.35 0.61 0.40 72%
D 35 1.72 | 2.10 296 | 226 | 23% | 041 0.55 0.86 0.61 34%
E 43 1.96 | 2.37 340 | 258 | 12% | 044 0.62 0.98 0.68 11%
F > 43 or < < < < < < < <
v/c>1 1.96 | 2.37 340 | 2.58 0.44 0.62 0.98 0.68

5.7. Implementation of Travel Time Reliability LOS

5.7.1. Case Study Description

I-10 is a heavily traveled freeway that traverses East-West of the city of

Jacksonville, FL. Eastbound direction is the peak hour direction during the AM peak hour
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and westbound is the peak hour direction during the PM peak hour. For the case study
purpose, one segment on I-10 Eastbound near the 1-295 and I-10 interchange has been
selected (Figure 5.63). TMC 102+04871 was used to illustrate the segment LOSs
obtained using the travel time reliability and a composite LOS for a time window. Table

5.15 illustrates details of the section.

=] S St X
D ot Devo lﬂ : Ds 1 g
: 102404871 @
& Diinkin umm.: , ; s B { 2o: ]
Ll Ramaona Blvd W Ramona Blvd W ; Ramona Blvd afld
Ingram S| ! . = =5 é%\:
FIGURE 5.63: Case study location for travel time reliability LOS analysis
TABLE 5.15: Section for travel time reliability LOS analysis
TMC Code Segment Type No. of Lanes Length (mile)
102+04871 Weave 4 0.11

5.7.2. Section Travel Time Reliability LOS

INRIX provided 5-min average travel time for TMC 102+04871 for the year of
2012 and 2013. July 1, 2013 (Monday) was selected as the analysis date and 7:00 AM to
8:00 AM as the analysis time window. For each five minutes of this hour, 95th, SOth, and
5™ percentile of the average travel times were computed for four different observation
periods (18, 12, 6, and 3 months). Further, analysis was performed by segregating the
data into three different observation criteria groups (all days, weekdays only, and

Mondays only). Both PTI and BTI were computed using Equations 3.1 and 3.2,
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respectively. By comparing the values with PTI and BTI based LOS thresholds, LOS
letters were denoted to each of these 5-min time periods.

5.7.2.1. Planning Time Index based LOS
Table 5.16 shows the LOS predictions for July 1, 2013 based on 18, 12, 6, and 3

months of data. Table 5.17 shows the analysis of variance (ANOVA) results on the
observation periods. Null hypothesis is all means are equal, while the alternative
hypothesis is at least one mean is different (significance level, o = 0.01). The F-value
shows that the null hypothesis is rejected and at least one combination has different
mean. Tukey HSD test (Table 5.18) shows that the mean is similar between 18 and 12
months, and 6 and 3 months observation periods, and a difference in the mean exists for
all other combinations for this exercise. Therefore, the observation period is a significant

factor for the computation of the PTI.
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TABLE 5.17: ANOVA results on observation periods — PTI

Factor Information

Factor Levels Values
Factor 4 18 months, 12 months, 6 months, 3 months
Analysis of Variance

Source DF Adj. SS Adj. MS | F-Value P-Value

Factor 3 5.278 1.75936 20.1 0
Error 140 12.251 0.08751

Total 143 17.529

TABLE 5.18: Tukey HSD test on observation periods — PTI
12 months 6 months 3 months

18 months n/s P<0.01 P<0.01
12 months - P<0.01 P<0.01
6 months - - n/s

n/s= non-significant

Figure 5.64 shows the variation of PTI for different observation periods. The
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significance of observation period can also be identified. Figure 5.65 illustrates the PTI

variations for different observation criteria. It can be noted that the weekdays and

Mondays only PTI values were higher for the 18 and 12 months of observation periods.

However, for 6 and 3 months of observation periods, the values are lower, which also

shows the importance of observation period in the PTI analysis.
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FIGURE 5.64: PTI variations for different observation periods
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(a) 18 months observation period
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FIGURE 5.65: PTI variations for different observation criteria
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(c) 6 months observation period
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5.7.2.2. Buffer Time Index based LOS
Table 5.19 shows the LOS predictions for July 1, 2013 based on 18, 12, 6, and 3

months of data based on the BTI. Table 5.20 shows the ANOVA results on the
observation periods for BTI. Null hypothesis is all means are equal, while the alternative
hypothesis is at least one mean is different (significance level, a = 0.01). The F-value
shows that null hypothesis is rejected and at least one combination has different mean.
Similar to Sub-sub-section 5.5.2.1, Tukey HSD test (Table 5.21) also shows that the
mean is similar between 18 and 12 months, and 6 and 3 months observation periods, and
a difference in the mean exists for all other combinations for this exercise. Therefore, the
observation period is a significant factor for the computation of the BTI.

Figure 5.66 shows the variation of BTI for different observation periods. The
significance of observation period can also be identified. Figure 5.67 illustrates the BTI
variations for different observation criteria. Similar to that of PTI, it can be noted that the
weekdays and Mondays only BTI values were higher for the 18 and 12 months of
observation periods. However, for 6 and 3 months of observation periods, the values are

lower, which also shows the importance of observation period in the BTI analysis.
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TABLE 5.20: ANOVA results on observation periods — BTI

Factor Information
Factor Levels Values
Factor 4 18 months, 12 months, 6 months, 3 months
Analysis of Variance
Source DF Adj. SS Adj. MS F-Value | P-Value
Factor 3 4.833 1.61106 21.2 0
Error 140 10.637 0.07598
Total 143 15.47
TABLE 5.21: Tukey HSD test on observation periods — BTI

12 months 6 months 3 months
18 months n/s P<0.01 P<0.01
12 months - P<0.01 P<0.01
6 months - - n/s

n/s= non-significant
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5.7.3. Section Travel Time Reliability Composite LOS

A composite section level travel time reliability based LOS can be obtained by
using a fuzzy logic set for a specific time window. For the TMC 102+04871, each 5-
minute LOS can be evaluated to obtain a composite LOS for the entire hour. For that, the
average of the membership function for each LOS is computed. This, defined as
compatibility index, shows which LOS is predominant in the entire hour and in turn, has
the highest degree of membership.
5.7.3.1. Planning Time Index based Composite LOS

The LOS with the highest degree of membership denotes the composite LOS for
the entire hour. The PTI LOS ranges are simply related with LOS thresholds for that
specific segment of roadways. Both the LOS ranges and 5" percentile travel time values
are observation period dependent. Tables 5.22 (a) to (d) show the composite LOS based
on PTI for 18, 12, 6, and 3 months of observation periods, respectively. It can be noted
that both Tables 5.22 (a) and (b) predict higher travel time and LOS for the entire hour
based on the 18 and 12 months data. However, Tables 5.22 (¢) and (d) predict lower
travel time for 6 and 3 months of data, as the 95" percentile average travel times are

lower for the latter two observation periods.
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TABLE 5.22 (a): Composite PTI based LOS for a section based on CI — 18 months of
observation period

F07r: 8%6X&ajlgigeg§n: All Days Weekdays Mondays
If the service level is A: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is B: Cl= 0.00 Cl= 0.25 Cl= 0.17
If the service level is C: Cl= 0.50 Cl= 0.08 Cl= 0.17
If the service level is D: Cl= 0.50 Cl= 0.42 Cl= 0.17
If the service level is E: Cl= 0.00 Cl= 0.25 Cl= 0.33
If the service level is F: Cl= 0.00 Cl= 0.00 Cl= 0.17
From 1.50 1.50 1.83
PTI Range based on LOS To 133 133 526
5™ percentile TT (sec) 6.05 6.60 6.53
. From 9.09 9.92 11.92
TT predicted (sec) To | 11.05 12.05 14.77

TABLE 5.22 (b): Composite PTI based LOS for a section based on CI — 12 months of
observation period

Fo7r: gz)eAwl\iaXlg :%(s)eztﬁn: All Days Weekdays Mondays
If the service level is A: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is B: Cl= 0.00 Cl= 0.08 Cl= 0.08
If the service level is C: Cl= 0.50 Cl= 0.25 Cl= 0.33
If the service level is D: Cl= 0.50 Cl= 0.08 Cl= 0.00
If the service level is E: Cl= 0.00 Cl= 0.58 Cl= 0.33
If the service level is F: Cl= 0.00 Cl= 0.00 Cl= 0.25
From 1.50 1.83 1.83
PTI Range based on LOS To 183 296 596
5™ percentile TT (sec) 6.00 6.29 6.43
. From 9.01 11.47 11.73
TT predicted (sec) To | 10.95 14.23 14.54
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TABLE 5.22 (c): Composite PTI based LOS for a section based on CI — 6 months of
observation period

Fo7r : g(l)exvl\iaflg %(s)eztll\j)[n: All Days Weekdays Mondays
If the service level is A: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is B: Cl= 0.08 Cl= 0.25 Cl= 0.25
If the service level is C: Cl= 0.92 Cl= 0.75 Cl= 0.50
If the service level is D: Cl= 0.00 Cl= 0.00 Cl= 0.25
If the service level is E: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is F: Cl= 0.00 Cl= 0.00 Cl= 0.00
From 1.20 1.20 1.20
PTI Range based on LOS To 150 150 150
5t percentile TT (sec) 6.00 6.12 6.30
) From 7.20 7.35 7.56
1T predicted (scc) To | 9.01 9.19 9.46

TABLE 5.22 (d): Composite PTI based LOS for a section based on CI — 3 months of
observation period

For the weaving section:

7:00 AM — 8:00 AM All Days Weekdays Mondays
If the service level is A: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is B: Cl= 0.08 Cl= 0.25 Cl= 0.25
If the service level is C: Cl= 0.92 Cl= 0.75 Cl 0.50
If the service level is D: Cl= 0.00 Cl= 0.00 Cl= 0.25
If the service level is E: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is F: Cl= 0.00 Cl= 0.00 Cl= 0.00

From 1.20 1.20 1.20

PTI Range based on LOS To 150 150 150
5™ percentile TT (sec) 5.97 6.02 6.34

. From 7.17 7.22 7.62

TT predicted (sec) To | 897 9.04 9.53
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5.7.3.2. Buffer Time Index based Composite LOS
Similar to 5.7.3.1, the LOS with the highest degree of membership denotes the

composite LOS for the entire hour. The BTI LOS ranges and 50" percentile travel time
values are observation period dependent. The BTI LOS ranges are also related with LOS
thresholds for that specific segment of roadways. Tables 5.23 (a) to (d) show the
composite LOS based on BTI for 18, 12, 6, and 3 months of observation periods,
respectively. It can be noted that both Tables 5.23 (a) and (b) predict higher travel time
and LOS for the entire hour based on the 18 and 12 months data, while Table 5.23 (c) and
(d) predict lower travel times and LOS values.

TABLE 5.23 (a): Composite BTI based LOS for a section based on CI — 18 months of
observation period

FO;:B%GX;?‘_”; %geztli/([)n: All Days Weekdays Mondays
If the service level is A: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is B: Cl= 0.33 Cl= 0.25 Cl= 0.17
If the service level is C: Cl= 0.25 Cl= 0.08 Cl= 0.08
If the service level is D: Cl= 0.17 Cl= 0.08 Cl= 0.17
If the service level is E: Cl= 0.25 Cl= 0.08 Cl= 0.08
If the service level is F: Cl= 0.00 Cl= 0.50 Cl= 0.50
BTI Range based on LOS From | 0.09 060 060

To 0.16 - -
50™ percentile TT (sec) 7.20 7.20 7.20
TT predicted (sec) From 6.53 11.52 11.52

To 7.71 - -
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TABLE 5.23 (b): Composite BTI based LOS for a section based on CI — 12 months of
observation period

Fo7r :B}Bezvl\e/[aj]l; % Sez‘;/([)n: All Days Weekdays Mondays
If the service level is A: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is B: Cl= 0.33 Cl= 0.33 Cl= 0.25
If the service level is C: Cl= 0.25 Cl= 0.00 Cl= 0.08
If the service level is D: Cl= 0.17 Cl= 0.08 Cl= 0.08
If the service level is E: Cl= 0.25 Cl= 0.00 Cl= 0.00
If the service level is F: Cl= 0.00 Cl= 0.58 Cl= 0.58
From | -0.09 0.60 0.60

BTI Range based on LOS To 0.16 - -
50" percentile TT (sec) 7.20 7.20 7.20
. From 6.53 11.52 11.52

TT predicted (sec) To 77 - -

TABLE 5.23 (c¢): Composite BTI based LOS for a section based on CI — 6 months of
observation period

For the weaving section:

7:00 AM - 8:00 AM All Days Weekdays Mondays
If the service level is A: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is B: Cl= 0.92 Cl= 0.92 Cl 0.67
If the service level is C: Cl= 0.08 Cl= 0.08 Cl= 0.25
If the service level is D: Cl= 0.00 Cl= 0.00 Cl= 0.00
If the service level is E: Cl= 0.00 Cl= 0.00 Cl= 0.08
If the service level is F: Cl= 0.00 Cl= 0.00 Cl= 0.00

From | -0.09 -0.09 -0.09

BTI Range based on LOS To 016 016 016
50™ percentile TT (sec) 7.20 7.20 7.15
TT predicted (sec) From 6.53 6.53 6.49

To 8.38 8.38 8.32
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Table 5.23 (d): Composite BTI based LOS for a section based on CI — 3 months of

observation period

For the weaving section:

7:00 AM - 8:00 AM All Days Weekdays Mondays
If the service level is A: Cl= 0.00 CI 0.00 Cl= 0.00
If the service level is B: Cl 0.92 Cl 0.92 Cl= 0.67
If the service level is C: Cl= 0.08 CI 0.08 Cl= 0.25
If the service level is D: Cl= 0.00 CI 0.00 Cl= 0.00
If the service level is E: Cl= 0.00 CI 0.00 Cl= 0.08
If the service level is F: Cl= 0.00 CI 0.00 Cl= 0.00

From -0.09 -0.09 -0.09

BTI Range based on LOS To 0.16 0.16 0.16
50" percentile TT (sec) 7.00 7.10 6.98

. From 6.35 6.44 6.33

TT predicted (sec) To | 8.14 8.26 8.11




CHAPTER 6: CONCLUSIONS

6.1. Introduction

Travel time is one of the most important metrics for the practitioners and used in
various transportation planning related decision making processes. It is also easily
understood by road users and helps them choose their routes to reach their destinations
quickly. Real time continuous data collection is possible through the use of Bluetooth
detectors, on-road sensors, traffic cameras, and other technologies. This dissertation
provides a new method to estimate the freeway LOS based on travel time and travel time
reliability indices. Though the dissertation had some limitations, the overall contributions
can open a new horizon for research.
6.2. Summary of Limitations

Some travel time/mile relationships with respective densities have signs that are
contrary to expectations and the dissertation did not provide a full explanation of these
“counter-intuitive signs”, which could be attributed to the unmet demand that the
VISSIM software captures.

The calibration procedure was performed based on Jacksonville, FL data. While
the considered freeway corridor is representative of typical urban freeway corridors, a
nationwide data source may be used to better understand the density — travel time per
mile and density — travel time reliability relationships based on different lane capacities

and study areas.
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This dissertation did not consider type B and type C weaving sections, which
could show some variations on the relationships developed between density and travel
time based metrics. The analysis only considered single lane on- and off-ramps. Multiple
on- and off-ramp configurations can affect the maneuverability, and hence, can affect the
travel time.

Some factors were not considered in the simulation and analysis. They include
median type / width and shoulder width, which can be correlated to speed and in return,
may become a significant factor influencing travel time. Other factors, such as network
familiarity, access control and spacing, and percent of heavy vehicles can also play a role
on operational performance of freeways.

This dissertation focused on freeway LOS criteria based on travel time based
metrics that is comparable to HCM methods. Hence, it did not account for the effect of
incidents, inclement weather, special events, or construction activity directly during the
simulation process. However, the method can be adopted if a calibrated and validated
microscopic simulation model can be built to replicate such scenarios and develop LOS
thresholds.

6.3. Summary of Contributions

Despite these limitations, the dissertation offered several contributions to the
freeway LOS determination method. They are listed as follows.

e It is not often feasible and at times impossible to gather information on travelers’

O-D patterns and density on urban freeways. However, travel time on a section,

can provide an easy and readily assessable LOS criteria establishment. This

dissertation looked into several key components on the freeway geometries, such
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as length and the number of lanes, and demand fluctuations and different posted
speed limits, to establish a meaningful relationship between density and travel
time (per mile), and density and travel time reliability indices for different
freeway sections, such as basic freeway section, weaving section, and
merging/diverging area.

The dissertation finds a strong correlation between HCM based densities and
densities from VISSIM, which further validates the notion that a calibrated
microscopic simulation model can be effectively used to represent general traffic
behavior. It also finds that the correlation coefficients for diverging areas are
somewhat lower than that of merging areas. As the maneuverability of these two
areas are fundamentally different (merging vs. diverging), question can be raised
on combining them together for LOS analysis purpose.

The density — travel time/mile relationship shows a non-linear (exponential)
relationship for all the freeway section types, which further questions the generic
speed assumptions made by HCM for different LOS profiles. A polynomial
relationship was observed between density — travel time reliability indices.

The travel time reliability thresholds based on planning time index and buffer
time index (travel time reliability computation methods) were evaluated on
freeway sections. Both of them can easily be expressed to technical audiences
(e.g., traffic engineers, transportation planners, and MPO staff) and non-technical
audiences (e.g., daily travelers, business owners, and truck drivers), in particular,
policy makers, should funding be provided, to improve travel time reliability on a

corridor.
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It was found that average travel time per mile threshold values for respective LOS
letters increase as the speed limit decreases until the condition comes close to
saturation where the speed limit on the freeway does not have any influence on
the operation. It can also be noted that as the posted limit decreases, the percent
difference between the two respective adjacent travel time per mile threshold
values also decreases.
The dissertation also finds that the average travel time reliability LOS threshold
values for their respective LOS letters decrease for all freeway section types as
the speed limit decreases. For PTI based thresholds, the 95t percentile travel time
decreases as the speed limit decreases but the 5t percentile travel times remain
relatively similar. In case of BTI based thresholds, the 95™ and 50™ percentile
travel time values become closer as the speed limit decreases.
For all freeway section types, the percent difference between the two respective
adjacent PTI LOS threshold values remains relatively similar, or increase or
decrease slightly as the speed limit decreases. However, as the speed limit
decreases, the percent difference between the two adjacent BTI LOS thresholds
tends to increase.
The dissertation also showed that based on the observation period (number of data
points), the LOS estimation can differ significantly. Therefore, while estimating
the LOS based on travel time per mile or reliability metrics or merely calculating
reliability indices for a particular segment, care should be taken on the

observation period considered for the assessment.



201
e Both travel time per mile LOS and travel time reliability LOS criteria can be used
to evaluate separate operational conditions. The travel time LOS criteria can be
effectively used for evaluating before — after study, while the travel time
reliability LOS criteria can better describe studies as congestion ranking.
6.4. Implications and Recommendations for Future Research

This dissertation has established baselines for researchers to examine the role of
other influencing geometric and operational factors on travel time and travel time
reliability thresholds. These factors could be attributed to lane capacity, median width,
ramp characteristics, etc.

Most importantly, further research needs to be conducted on identifying generic
driver and lane change parameters obtained through calibration of different location
based microscopic simulation models. Since these researches require considerable
amount of funding, a federal or state backed investigation is ideal.

The dissertation method can be considered as a theoretical process. For practical
applications, field observation is recommended to further validate and apply the method.
A similar method can be developed and applied for the arterial analysis with the

consideration of signal timing fluctuations and travel time collection approaches.
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APPENDIX A: HOURLY FLOW COMPARISONS
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TABLE A1 CONTD.: Hourly flow comparisons — AM peak period - hour 1
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TABLE A2: Hourly flow comparisons — AM peak period - hour 2
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TABLE A2 CONTD.: Hourly flow comparisons — AM peak period - hour 2
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TABLE A3: Hourly flow comparisons — AM peak period - hour 3
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TABLE A3 CONTD.: Hourly flow comparisons — AM

eak period - hour 3
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eak period - hour 1
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TABLE A4: Hourly flow comparisons — PM
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riod - hour 1

TABLE A4 CONTD.: Hourly flow comparisons — PM peak pe
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eak period - hour 2
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TABLE A5 CONTD.: Hourly flow comparisons — PM peak period - hour 2
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eak period - hour 3
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TABLE A6: Hourly flow comparisons — PM
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