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Abstract

The Highway Capacity Manual 6th edition (HCM6) includes a new methodology to
estimate and predict the distribution of average travel times (TTD) for urban streets.
The TTD can then be used to estimate travel time reliability (TTR) metrics. Previous
research on a 0.5-mi testbed showed statistically significant differences between
the HCMG6 estimated TTD and the corresponding empirical TTD. The difference in
average travel time was 4 s that, while statistically significant, is not important from
a practical perspective. More importantly, the TTD variance was underestimated by
70%. In other words, the HCM®6 results reflected a more reliable testbed than field
measurement. This paper expands the analysis on a longer testbed. It identifies the
sources and magnitude of travel time variability that contribute to the HCM6 error.
Understanding the potential sources of error, and their quantitative values, are the
first steps in improving the HCM6 model to better reflect actual conditions. Empiri-
cal Bluetooth travel times were collected on a 1.16-mi testbed in Lincoln, Nebraska.
The HCM6 methodology was used to model the testbed, and the estimated TTD by
source of travel time variability was compared statistically to the corresponding em-
pirical TTD. It was found that the HCM6 underestimated the TTD variability on the
longer testbed by 67%. The demand component, missing variable(s), or both, which
were not explicitly considered in the HCM®6, were found to be the main source of
the error in the HCM6 TTD. A focus on the demand estimators as the first step in
improving the HCM6 TTR model was recommended.
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The Highway Capacity Manual (HCM) is used widely by U.S. transportation
engineers for evaluating roadway performance, including travel time, con-
gestion, delay, and so on (7). It has also been used by other nations to de-
velop HCM estimation and prediction methodologies for their national con-
ditions (2).

The previous editions of the HCM expresses arterial roadway performance
in relation to the level of service (LOS) (2). The HCM defines LOS as “a quan-
titative stratification of a performance measure or measures that represent
quality of service” (3). The intent of the LOS is to simplify decision making on
the general acceptance of roadway performance (3). However, much of the
complexity in roadway performance is hidden in the LOS (2). Arterial road-
way users, such as commercial entities and commuters, are interested not
only in the aggregation/ average conditions but also in measures of disper-
sion (e.g., variance) of the roadway performance, because both affect their
daily travel (4).

In most of the literature, reliability is expressed as a function of a mea-
sure of central tendency and a measure of dispersion (5). There are many
performance metrics used on arterial roadways (e.g., travel time, speed, de-
lay) that can be examined from a reliability perspective. This paper will fo-
cus on arterial roadway travel time reliability (TTR).

In recent years, TTR has grown in popularity among transportation agen-
cies (6). TTR is identified as a key roadway mobility measure by the U.S. Fed-
eral Highway Administration (7-9). TTR is an inherent part of travelers’ route
choice decisions and is used by traffic managers to better quantify opera-
tions rather than simply using average travel times (70). Commercial truck
operators also desire TTR information for effective trip planning.

It has been shown that random events are a prime contributor to unreli-
able roads. For example, about 60% of road congestion causes are from ran-
dom events. This includes 25% from traffic incidents, 15% from bad weather,
10% from work zones, 5% from poor signal timings, and 5% is because of
special events and other effects (6). Intuitively, reliability estimation and fore-
casting methods should explicitly account for these random events.

The latest and 6th edition of the Highway Capacity Manual (henceforth
referred to as HCM®6) has introduced a new methodology to estimate and
predict TTR metrics for urban arterials under interrupted flow conditions.
Specifically, the HCM6 methodology estimates and predicts the distribution
of average travel times (TTD) by explicitly accounting for the effect of five
sources of travel time variability: weather events, demand variations, traf-
fic incidents, the presence of work zones, and special events (e.g., festivals
and football game days). The estimated TTD is then used to estimate com-
mon TTR metrics, such as the Travel Time Index (TTI) and the Planning Time
Index (PTI).
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The inclusion of a TTR procedure in the HCM6 is a very important and
impactful step for urban arterial road analysis. An overview and application
of the HCM6 methodology will be provided in subsequent sections. A com-
plete description is provided in the Strategic Highway Research Program Re-
port 2 project LO8 (7).

A literature search showed that an output from a corridor simulation
model, CORSIM, (version 5.1), was used to validate the through-vehicle de-
lay model utilized in the HCM6 TTR model (7). In the 2019 meeting of the
Interrupted Flow Group of the Transportation Research Board Committee
on Highway Capacity and Quality of Service (AHB40), the developers of the
HCM6 methodology confirmed to the authors that the HCM6 TTR model
was not calibrated or validated with empirical travel time data.

A recent study by Tufuor and Rilett (77) compared the TTD estimated by
using the HCM6 methodology to an empirical Bluetooth TTD on a 0.5-mi
testbed in Lincoln, Nebraska. The authors found that there was a statisti-
cally significant difference between the HCM6 methodology estimated mean
travel time and the empirical mean travel time. Because the difference was
only 4 s, over an average travel time of 158 s, the authors concluded that
the difference, while statistically significant, was not important from a prac-
tical perspective. More importantly, the authors found that the HCM6 meth-
odology underestimated the variability in the TTD by 70%. Not surprisingly,
the HCM6 TTR measures also underestimated field measurements. In other
words, the HCM6 results reflected a much more reliable testbed than was
measured in the field.

It is hypothesized that because of the central limit theorem, the HCM6
methodology may perform better on a longer testbed. Also, it was decided
that the component errors within the HCM6 TTR model should be analyzed
as this would provide insight into where the considerable differences in the
HCM6 and the empirical TTD variance originated.

This paper first compares the HCM6 TTD and the empirical TTD on a
1.16-mi testbed in Lincoln, Nebraska. Subsequently, the sources of travel
time variability that contribute to the error in the HCM6 methodology are
quantified. Understanding the potential sources of error and their quanti-
tative values are the first step to improving the HCM6 TTR model so that it
better reflects actual conditions.

This paper is divided into five sections. In the first part, a description
of the study testbed and the empirical TTD is provided. Next, the HCM6
methodology is briefly discussed and applied to model the testbed. Subse-
guently, the HCM6 estimated TTD for the testbed is analyzed and the TTR
metrics compared with the empirical TTR metrics. This is followed by a sta-
tistical comparative analysis of the results. Finally, the differences are quan-
tified and discussed, and the findings are presented.
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Testbed and Field Data Description

A 1.16-mi section of N 27th Street in Lincoln, Nebraska, which is a principal
urban arterial, was used as the testbed. This arterial is a main North-South
corridor that links Interstate 80 with South Lincoln. The testbed is part of
the Nebraska Transportation Center’s arterial monitoring corridor. The de-
tailed operational performance of the testbed is described elsewhere (77).

Bluetooth detectors have been installed in the traffic cabinets for col-
lecting empirical point-to-point Bluetooth travel time (BT) data. A compre-
hensive analysis of the BT data collection system, its filtering algorithm, and
a validation process are provided elsewhere (77). The BT sampling rate was
from 4% to 6%, which falls within the detection range of similar travel time
studies (72-14). Public holidays, weekends, and football game days were re-
moved from the BT data to eliminate periods that may cause outliers in the
TTD. The filtering and elimination of these days reduced the sample size of
the empirical BT data.

A total of 5893 individual vehicles' BT data was collected within the p.m.
peak hour (4:30-5:30 p.m.) for all weekdays from January 2016 to December
2016. The BT travel times were aggregated at a 15-min interval, which was
the analysis period chosen for this paper. The mean number of samples per
15-min interval was six, with a standard deviation of about three samples.

The resultant BT TTD, which represents the TTD across all conditions, was
disaggregated into the same categories considered by the HCM®6: (a) nor-
mal conditions (no weather, work zone, or traffic incident); (b) weather (rain/
snow) days; (c) work zone days; and (d) traffic incident periods. Figure 1, a—d,
shows the TTDs based on normal, rain/snow, work zone, and combined con-
ditions, respectively. Note that the weather and the work zone conditions are
not mutually exclusive. For example, there are eight 15-min periods where
there was a work zone active on the testbed and there was rain.

It may be seen from Figure 1 that, there were 663 periods of normal
conditions, 29 periods of snow and rain, and 152 periods when a work zone
was active. It should be noted that it did not make sense to show the traffic
incident histogram because it only consists of two data points. The BT for
these periods was 189 and 178 s, respectively, with an average of approxi-
mately 15% greater than the average travel time under the normal condition.

Figure 1 shows that all four BT TTDs are positively skewed and range from
a minimum of 130 s to a maximum of 291 s. The standard deviations range
from 13.9 to 26.6 s. It may be seen in Figure 1a that the normal conditions
constitute about 78% of the sample size of the combined conditions (Fig-
ure 1d). Not surprisingly, the characteristics of the BT TTDs for the normal
and combined conditions are similar.
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Figure 1. Empirical travel time distribution for weekdays in 2016 (4:30-5:30 p.m.).
SD = standard deviation.

The mean of the BT TTD for the rain/snow conditions, as shown in Fig-
ure 1b, is higher than that for the normal conditions. More importantly, the
standard deviation is 23% more than the normal conditions. This signifies
that the testbed reliability will be lower during rain/snow conditions.

The work zone BT TTD in Figure 1c shows that the mean BT is 6 s faster
than the mean BT of the normal conditions. Interestingly the variability is
also lower, indicating the corridor is more reliable during work zone situa-
tions. It is hypothesized that drivers may have used alternative routes, which
would have reduced the demand. Also, most of the work zones occur in the
summer months when school is out, and demand is comparatively low, re-
sulting in faster travel times.
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Overview of the HCM6 TTR Methodology
To discuss the HCM6 TTR methodology, the following terms are useful.

« Reliability reporting period (/)—This is the number of days (/) over which
TTR is to be estimated. The HCM®6 allows (/) to span from 30 to 365
days and the user decides which days (weekdays, weekends, holidays,
etc.) should be included. For the study testbed, (/) represents all week-
days in the year 2016 (e.g., | = 261 days).

* Analysis period (T))—This is the time interval evaluated by a single ap-
plication of the HCM6 TTR methodology. The HCM®6 allows for only
15- or 60-min intervals (75). In this paper, a 15- min aggregation pe-
riod was chosen so T, = 15 min.

« Study period (T)—This is the time interval that is studied within each
day of the reliability reporting period. The HCM6 recommends that the
study period be 60-360 min in duration (75). In this paper, the study
period was from 4:30 to 5:30 p.m. Therefore, T.= 60 min.

« Estimation periods in each day (/)—This is the number of T periods ex-
amined for each day and it is defined by Equation 1.

P

(M

J =

o

The value of J must be an integer. Therefore, T_ must be chosen so
that it is evenly divided by T_. For the testbed 7.= 60 min and T, = 15
min, so J = 4.

« Every time period that is evaluated is referred to as a scenario. The num-
ber of scenarios is denoted by N and it is the product of / and J, as
shown in Equation 2.

N=1J )

For the testbed, there are 261 days examined (/ = 261) and there are four
periods per day (J = 4), resulting in a total of 1044 scenarios examined. In
other words, the resulting TTD estimated using the HCM®6 procedure will
consist of 1044 average 15-min travel times.

Figure 2 shows the flow chart of the HCM6 TTR methodology. A discus-
sion of the four steps in the HCM6 TTR methodology is provided below. A
comprehensive explanation of the HCM6 methodology can be found in the
HCM (75) and the Strategic Highway Research Project 2 report LO8 (7).
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Figure 2. HCM6 travel time reliability methodology framework [leveraged from
Exhibit 17-13 (15)]. HCM = Highway Capacity Manual; HCM6 = Highway Capacity
Manual 6th edition; TTD = distribution of average travel times; TTR = travel time

reliability.

Step 1: Dataset Generation Procedure

As shown in step 1 of Figure 2, the input dataset can be divided into three

categories as follows.

(1a) Base dataset—This dataset is used to describe the base conditions
of the urban street. It consists of the supply features, traffic demand,
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roadway capacity, saturation flow rate, and estimated free-flow
speed for a specific day during the reliability reporting period where
no rain/snow, incidents, work zones, and special events occur.

The testbed traffic demand data was collected by using the HCM6 pro-
tocol. The average annual daily traffic is approximately 26,500 (76). There
were four signalized intersections on the testbed and each northbound and
southbound movement had four driveways. The traffic demand volumes at
all signalized intersections and all driveways were collected on March 30,
2016.

Traffic signal data from 2016 was obtained from the City of Lincoln. Traf-
fic signal settings can vary by time of day and this may affect the variabil-
ity in the performance of the arterial. The traffic signals on the testbed are
operated in semi-actuated mode. However, because of the high traffic de-
mand volume in the p.m. peak, the traffic signal essentially operates in
fixed-time mode. Also, it was confirmed by the City of Lincoln that the sig-
nal timings were not optimized or changed in 2016. Consequently, the sig-
nals were assumed to operate under fixed-time control for the analysis con-
ducted in this paper.

(1b) Alternative dataset(s) (Figure 2)—These datasets are used to de-
scribe the conditions when specific work zones (2), special events (E),
or both, occur. The HCM®6 user must specify the changes in the base
dataset (e.g., available lanes, traffic controls) associated with the work
zone or special event. A maximum of seven alternative data files can
be created and the number of days / that the work zone or special
events occur is specified by the user.

Work zone data on the testbed was also provided by the City of Lincoln.
A total of 38 days within the summer months had lane closure on two seg-
ments for road repair and maintenance work.

Because there were no weekday special events in 2016 and data from
national holidays were not used, the special event source of variability was
not studied.

(1c) Historical data (Figure 2): This dataset represents weather events
(rain, snow, and temperature data by month), the traffic demand vari-
ation factors (e.g., hour-of-day, day-of-week, and month-of-year), and
crash frequencies and crash adjustment factors. Exhibit 17-3 of the
HCM®6 (75) provides a comprehensive description of the general data
required.
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The HCM6 methodology requires weather data for the testbed. The fol-
lowing weather data from the Nebraska Mesonet database (77) was used
in the analysis.

« Total normal precipitation (inches)—In 2016, there was a total of 28.9
in. of precipitation.

 Total normal snowfall (inches)—There was a total of 14.9 in. of snow-
fall in 2016.

« Number of days of precipitation (days)—The number of days when
the rainfall or liquidequivalent of snowfall amount was greater than
or equal to 0.01 in. There were 85 days of precipitation on the test-
bed in 2016.

* The normal daily mean temperature (degrees Fahrenheit)—In 2016, the
average 24-h temperature was 55°F.

The HCM6 methodology requires demand variation factors for the test-
bed. There was no continuous traffic count data on the testbed. Therefore,
demand variation factors on a similar urban principal arterial near the tes-
tbed, provided by the Nebraska Department of Transportation (78), were
used. These factors account for the systematic traffic demand volume vari-
ation by hour-of-day (d,), day-of-week (d,), and month-of-year (d_ ). For the
testbed, there were four time periods, five weekdays, and 12 months, result-
ing in 240 unique combinations of demand factors.

The traffic demand volume for each scenario is estimated using a two-
step process. First the demand modification factor for scenario ij is estimated
using Equation 3. The numerator is the product of the hour-of-day, dayof-
week, and month-of-year factor corresponding to the given scenario. The
quotient is a similar product but for the base scenario that corresponds to
the conditions when the base traffic demand volume was collected.

dah. dv. dm. 3
=2 4 Y vi=1,1,Vj=1,J ©)
" dy dy dn,
where

F; = demand modification factor for scenario .

d", = hour-of-day demand factor for scenario .

d*, = day-of-week demand factor for scenario .

dm, = month-of-year demand factor for scenario §.

d" = hour-of-day demand factor for base volume in step 1 of Figure 2.

d% = day-of-week demand factor for base volume in step 1 of Figure 2.

dm = month-of-year demand factor for base volume in step 1 of Figure 2.
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In the second step, the traffic demand volume on the testbed intersec-
tions and segments is then calculated as the product of the demand mod-
ification factor (F)) and the base traffic demand volume for the network, as
shown in Equation 4.

D,=F,D, (4)
where
D, = intersection and segment traffic demand volumes in scenario ij
(vector).
D, = intersection and segment traffic demand volumes in step 1 of Fig-
ure 2 (vector).

Figure 3, a and b, show the demand factors and a histogram of Fl.jfrom
Equation 3.

It may be seen from Figure 3b that the demand modification factor dis-
tribution has a relatively small range from 0.75 to 1.35 with 95% of the de-
mand factors lying between 0.95 and 1.15. Intuitively, the traffic demand vol-
ume variability across all scenarios will also be relatively narrow.

The HCM6 TTR methodology requires the mean crash frequency for all
segment-related and intersectionrelated crashes. In addition, crash frequency
adjustment factors (CFAFs) for four weather events, active work zones, spe-
cial events, or any combination of these, are required.

Traffic incident data for 2015-2017 on the testbed were provided by
the City of Lincoln and used to estimate the mean crash frequency for all
three segments and four intersections. Default CFAF values provided by the
HCM®6 were used because specific CFAFs were not available for the testbed
conditions.

(b)
ar ar d"
J 0.829 M 0.980 16:00 0.072* 100
F 1.019 T 0.980 17:00 0.077
M| 1.029% [ W 1.000* 80
A 0980 | T 1.030 z
= 60
M 1.010 F 1.150 g
J 1.047 g 40
J 0.989 =
A 1.052 20 I
S 1.089
O | 0948 0 = I -
N 0.991 0.650.750.850.951.051.151.251.351.45
D 0.939 Demand Modification Factors (F)
Note: (*) is the base demand factors

Figure 3. Distribution of demand factors and demand modification factors.
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Step 2: Scenario Generation Procedure

The Scenario Generation procedure shown in step 2 of Figure 2 estimates
values to the five sources of variability in travel times for each scenario i.
There are two main components of the scenario generation procedure—the
deterministic component and the stochastic component.

The deterministic component uses the schedule of the work zone, spe-
cial events provided by the analyst, or both, in the alternative dataset in
step 1b of Figure 2. The output is a dummy variable indicating whether an
active work zone occurs in each scenario §j (Z,=1). A dummy variable indi-
cating whether a special event (E;=1) occurs for a scenario S is also output.

Each of the N scenarios will have stochastic weather and incident values.
If the analyst chooses a 15-min evaluation period, then the traffic demand
volume values will also be stochastic. These values are obtained by sam-
pling an underlying distribution using a Monte Carlo simulation procedure.

It is important to note that the stochastic component in step 2a of Fig-
ure 2 consists of three sequential procedures that begin with the predic-
tion of weather events for all scenarios, then predicts demand variations (if
a 15-min evaluation period is selected), and ends with predicting traffic inci-
dents. The detailed description of all underlying distributions for the weather
events, demand variations, and traffic incidents are provided elsewhere (7).

In summary, each scenario S; will randomly be assigned a weather event
W[j(rain, snow, neither rain nor snow), traffic demand volume Dg (if 15-min
analysis period is selected), and incident Y} (incident or no incident). In other
words, if a scenario has a weather event (Wij), there will be information on
the type of precipitation, the intensity, and the length of time the pavement
remains wet after the event. Similarly, a scenario with a predicted incident
(Y;) will have information on the type of incident and the location on the
subject facility.

Note that for a given day i, each subsequent scenario j is dependent on
the scenarios that preceded it. For example, if S, is assigned a 2-h snow
event then S, S;, and S, will also be assigned a snow event.

The scenario generation procedure creates one file for each scenario in
the reliability reporting period. Each file is an adjustment of the base or al-
ternative dataset based on the W and Y, values for each scenario. If there
are weather or incidents during a given scenario, adjustments are made to
saturation flow rates at intersections and segment speeds. For example, if
in scenario j the road pavement is modeled as being wet with no rain fall-
ing, then the speed in the base or alternative dataset is reduced by a fac-
tor of 0.95 (7).

In summary, the effect of weather Wy,and incidents Y[jon saturation flow
rates and speeds are quantified for each scenario S;. A file is generated for
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each scenario S;and each file will have traffic demand volumes for each
movement, saturation flow rate for each signalized intersection approach,
and speed for each segment.

Step 3: Facility Evaluation Procedure

In the Facility Evaluation process shown in step 3 of Figure 2, two tasks are
performed in sequence for each S,. Firstly, the core HCM facility method-
ology, which may be found in HCM6 Chapter 16 (75), is used to evaluate
the first scenario S, by assuming that there are no initial queues. An esti-
mated average travel time T, and estimated residual queue length (Q,,) (if
any) are output.

Secondly, the next scenario S, is evaluated. Specifically, the residual queue
at the end of the first evaluation (Q,,) becomes the initial queue input value
for scenario S,. The corresponding estimated average travel time T, and the
estimated residual queue length (Q,,) are calculated for every intersection.

This procedure is done in sequence for each periodj on a given day. The
process is repeated for each day /. This results in a total of N average travel
times, as shown in step 3b of Figure 2.

Step 4: Performance Summary

The Performance Summary is shown in step 4 of Figure 2. In this step, two
operations are undertaken. Firstly, it is essential to note that because the re-
sults of each scenario are from simulated data, changing the random seed
results in different scenario values for the weather W), traffic demand vol-
ume (DU), and incidents (¥ The developers of the HCM6 TTR methodology
recommend that the scenario generation (step 2) and the evaluation pro-
cess (step 3) should be repeated M times with different seed numbers. This
is meant to obtain robust TTR estimates (7, 75). All the travel time results are
compiled into the TTD of sample size NM, as shown in step 4a of Figure 2.

Once the TTD has been determined, the TTR metrics can be readily es-
timated from the TTD. This is done as the second operation of the perfor-
mance summary process, which is shown in step 4b of Figure 2.

It should be noted that the HCM6 methodology shown as Figure 2 has
been automated. The only exception is the M loop and the performance
summary (step 4). Specifically, the scenario generation (step 2) and the fa-
cility evaluation (step 3) are done automatically using the HCM6 computa-
tional software known as Street eValuation (StreetVal) (79). The user then
runs this software M times and uses the NM travel times to form the final
TTD. In this paper, four replications were undertaken (M = 4). The estimated
average travel time for each scenario was randomly selected from these four
to form the final TTD.
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HCM6 Estimated TTD and TTR Metrics

Figure 4, a—d, shows the HCM6 estimated TTD for the testbed under nor-
mal conditions, rain/snow conditions, active work zone conditions, and the
combined conditions respectively.

It may be seen in Figure 4 that all theHCM6 TTDs have a relatively small
range that varies from approximately 146 s to approximately 173 s. In addi-
tion, there are very few outliers. The maximum average travel time is 332 s.
There were 828 periods of normal conditions, 24 periods of snow and rain,
and 188 periods of an active work zone conditions. It should be noted that
the HCM®6 had a total of two scenarios with traffic incidents. Similar to the
empirical BT TTD, it did not make sense to show a histogram with two data
points representing the traffic incidents. The estimated average travel times
for these periods were 176 and 218 s respectively, which are approximately

(a) Normal Condition (b) Rain/Snow Conditions
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Figure 4. HCM6 estimated travel time distributions. SD = standard deviation.
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29% more than the average travel time estimated during the normal condi-
tion. The two incident results are included in the combined TTD in Figure 4d.

Figure 4a shows the HCM6 TTD for normal conditions (i.e., no weather,
incidents, or work zones). This condition shows a relatively low variance in
average travel times. Specifically, the standard deviation is approximately
67% less than the combined condition. Also, the travel times have a shorter
range from 146 to 160 s, which is 92% shorter than the combined condi-
tion. This indicates that the normal condition is predicted by the HCM6 to
be relatively more reliable.

From Figure 4, b and ¢, the weather events and the work zone conditions
have slightly higher mean travel times (e.g., 2-5% greater) than the normal
conditions. More importantly, the standard deviation of the weather and
work zone events are respectively 1.3 and 5.6 times greater than the stan-
dard deviation of the normal condition. This indicates that the reliability
of the arterial testbed will be lower during the weather and the work zone
events.

Quantification of TTR Metrics

This section compares common TTR metrics calculated using the HCM6 TTD
and the empirical BT TTD. The FHWA (7) defines the following commonly
used TTR metrics:

(a) the TTl is the ratio of the mean travel time to the free-flow travel time;

(b) the PTI represents the ratio of the 95th percentile time to the free-
flow travel time; and

(c) the Level of Travel Time Reliability (LOTTR) is the ratio between the 80th
percentile travel time and the 50th percentile travel time.

Table 1 shows these TTR metrics, which were obtained from the esti-
mated TTD.

Not surprisingly, the HCM6 tends to underestimate the TTR metrics. The
only exceptions were for the TTI for rain/snow and work zone conditions,
where the difference was less than 2%. The results in Table 1 show that the
testbed is more reliable than the empirical data would suggest. For example,
the HCM6 PTI estimation of 1.55 implies that for a trip of 100 s the trip maker
must plan a total time of 155 s as compared to 190 s for the empirical case.

The percentage difference between the HCM6 and the empirical data
was less than 5% for the TTI, ranges between 11% and 25% for the PTI, and
ranges between 6% and 12% for the LOTTR.

Generally, the empirical TTls are below 2.5, which indicates that conges-
tion is not very high on the study facility and confirms the findings from a
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Table 1. Reliability Performance Metrics

TTR performance metrics

TTI PTI LOTTR

Testbed conditions HCM6 BT Diff HCM6 BT  Diff HCM6 BT  Diff

Demand variations 152 157 -36% 155 192-193% 1.01 1.11 -8.4%

Rain/Snow 159 158 05% 171 227-246% 102 116 -123
Work zone 154 152 17% 156 1.77-11.4% 101 1.07 -6.0%
Combined 152 156 -25% 155 189-178% 101 110 -7.8%

TTR = travel time reliability; TTl = Travel Time Index; PTl = Planning Time Index; LOTTR =
Level of Travel Time Reliability; HCM6 = Highway Capacity Manual 6th edition; BT = Blue-
tooth travel time; Diff. = difference.

previous study (77). Also, the percentage error of the TTR metrics under the
combined conditions produced similar results for the 0.5-mi testbed analysis.

Statistical Comparison of Distributions

Different functional forms have been proposed in the literature to repre-
sent the distribution of link and corridor travel times. These include lognor-
mal, gamma, and Weibull distributions (20-22). For the testbed condition,
the quality of the best-fit distribution was determined by using the Kol-
mogorov-Smirnov (KS), Anderson-Darling, and Cramer-von Mises good-
ness-of-fit (GOF) tests. The lognormal distribution was determined to best
model the HCM6 TTD and the empirical BT TTD on the corridor. This can in-
form changes in the underlying distributions used in the scenario genera-
tion procedure in step 2 of Figure 2.

The Welch's t-test was used to test the differences between the mean
values of the simulated and empirical TTDs. This test was selected because,
compared to the Student’s t-test, it controls the Type | error when compar-
ing unequal variance and unequal sample size datasets (23). The Mann—
Whitney—Wilcoxon rank-sum test was used to test the differences between
the median values. The Mann-Whitney test is one of the powerful nonpara-
metric tests; its statistical power corresponds to the likelihood of rejecting
a false null hypothesis (24). The KS test was used to test the differences be-
tween the cumulative distribution functions (CDFs) of the HCM6 TTDs (CD-
F..cw and the empirical BT TTDs (CDF,)).

The following hypotheses at a 95% confidence level were tested.

(a) Welch's t-test: The null hypothesis is that the mean of the population
of the HCM6 simulated travel times (m,,,,) is equal to the mean of the
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population of the empirical BT travel times (mg,). The alternative hy-
pothesis is m,,6 = my.

(b) Mann-Whitney—Wilcoxon tests: The null hypothesis is that the me-
dian of the population of the HCM6 simulated travel times (Med,,,,) is
equal to the median of the population of the empirical BT travel times
(Medg,). The alternative hypothesis is Med,,.,,6 = Med,..

(c) KS test: The null hypothesis is that the COFHCM=CDFBT: The alterna-
tive hypothesis is that the CDFHCM 6 = CDFBT:

The statistical test results are shown in Table 2.

It was found that there were statistically significant differences between
the population means and the population medians of the two datasets
for the normal conditions. The differences were 6 and 3 s between sample
means and medians, respectively as shown in Figures 1a and 4a.

For weather (snow and rain) conditions it may be seen in Table 2 that
there are no statistically significant differences between the population
means and the population medians of the two datasets. The differences
were a single second and 9 s between the sample means and medians, re-
spectively, as shown in Figures 1b and 4b.

It can be found in Table 2 that for the work zone conditions there were
no statistically significant differences between the mean and the median
values of the two population TTDs. The difference in the sample mean was
3 s and there were no differences in the sample medians, as shown in Fig-
ures 1c and 4c.

Table 2. Statistical Test Results

Test statistic (p-value)

Conditions Mann-Whitney—

Wilcoxon Welch t-test KS test Remarks
Normal 262440 —-7.05 0.46 Statistically significant evidence
HCM6 versus BT (2.3e-05) (4.2e-12) (2.2e-16) to reject the null hypotheses.
Weather 451 0.20 0.58 Statistically significant evidence not
HCM6 versus BT (0.07) (0.845) (3.0e-4) to reject the null hypotheses of the

mean and median tests.

Work zone 15567 1.68 0.43 However, there are statistically
HCM®6 versus BT (0.191) (0.094) (4.65e-14) significant differences in the CDFs.
Combined 404940 -5.72 0.41 Statistically significant evidence
HCM6 versus BT (0.0055) (1.4e-08) (2.2e-16) to reject the null hypotheses.

KS = Kolmogorov-Smirnov; HCM6 = Highway Capacity Manual 6th edition; BT = Bluetooth travel time;
CDFs = cumulative distribution functions.
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It may also be seen in Table 2 that there are statistically significant dif-
ferences between the population mean and the median of the HCM6 TTD
and the BT TTD for the combined conditions. The difference in average
travel time was 4 s and the difference in median values was a single sec-
ond, as shown in Figures 1d and 4d. While the differences and means and
medians were statistically significant, they are not important from a practi-
cal perspective.

Error Estimation

The pairwise comparison of the differences between the CDFs and the fre-
quency distributions of the HCM6 and BT TTDs are shown in Figure 5. The
root mean square error (RMSE), defined in Equation 5, is also shown in Fig-
ure 5.

RMSE= Z ?:1 (HCMI_ BTi)Z - \/ 2 7:1 ei2 (5)
n n

where

HCM. = The frequency of class i of the HCM6 travel times.

BT, = The frequency of class i of the BT travel times.

n = The number of bins. In this paper, the bin size was 5 s and there
were 32 bins.

For each RMSE calculation, the bin width was 5 s within the range of 130-
290 s. The number of bins is 32.

It may be seen from Figure 5 that the HCM6 TTDs have considerably less
variability as compared to the observed data. The KS test results in Table 2
confirmed that there were statistically significant differences between the
HCM6 and empirical TTDs. Specifically, the HCM6 TTD combined condition
standard deviation was determined to be 67% less than that of the empiri-
cal BT TTD. More importantly, the HCM6 methodology indicates that the ar-
terial is more reliable than would be indicated by field measurements.

These results conform to the findings of the previous studies on a shorter
testbed (77). Therefore, doubling the length of the testbed did not substan-
tially change the performance of the HCM6 predictions.

The RMSE quantitatively measures the differences between the TTDs, as
shown in Equation 5. From Figure 5a, the differences in the normal condition
TTDs have the largest RMSE. Specifically, the normal conditions RMSE was
82% of the combined condition RMSE. It can be posited that the TTD of nor-
mal conditions (no rain/snow, incident, work zone, or special events) repre-
sents the effect of one or more combination of factors such as the demand
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Figure 5. Pairwise comparison of travel time distributions. RMSE = root mean square
error; HCM6 = Highway Capacity Manual 6th edition; BT = Bluetooth travel time;
CDF = cumulative distribution function.

variations or not having detailed volume data (e.g., by day) or other miss-
ing variable(s) that were not explicitly considered in the HCM6 TTR model.

Concluding Remarks

This paper expands the analysis of the HCM6 estimated TTDs on a lon-
ger testbed. More importantly, it identifies the sources and magnitude of
travel time variability that contribute to the HCM6 error. These sources were
weather events, demand variations, traffic incidents, and work zones. Under-
standing the potential sources of error and their quantitative values are the
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first steps in improving the HCM6 TTR model to better reflect actual condi-
tions. The following was found.

« The mean and variance of the work zone HCM6 estimation were sim-
ilar to the corresponding empirical BT measurement. The number of
traffic incidents was only two; therefore, using the default CFAFs will
not significantly affect the variability in the final TTD. Consequently,
the potential source of error from the work zone and incidents was
ignored for this testbed condition.

 One potential source of the error is the use of aggregated data as in-
put in the HCM6. For example, monthly aggregations of the weather
parameters could affect the variability in the resulting TTD. However,
the RMSE of the weather conditions, as shown in Figure 5b, was rel-
atively small. Specifically, the weather RMSE was 2% of the RMSE of
the combined conditions in Figure 5d. Consequently, it was concluded
that the weather assumption did not overly contribute to the error for
this testbed.

« The analysis indicated that there are two potential sources of error for
the differences between the estimated and measured TTDs. The first
is that the traffic demand volume data, demand factors, or both, do
not adequately capture the volume variability in the field. The second
is that there may be other variables that are not considered in the
HCM6 estimations. Arguably, one of the limitations of the HCM6 TTR
methodology is the use of a single-day observed traffic demand vol-
ume as the basis to determine the traffic demand volume for all sce-
narios. Intuitively, if the one-day volume is atypical, the final TTD may
also be inaccurate.

It is important to note that the results are only valid for one corridor for
one year in one city. Further study of other corridors in other locations is rec-
ommended. In addition, the authors recommend that the HCM6 TTR model
be calibrated to local data. It is hypothesized that the demand estimators
are good candidates for improving the HCM6 TTR model.
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