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This paper describes a method of evaluating the level of service of road networks, based on the average
travel time and travel time reliability using electronic toll collection (ETC) data. We focused on the variance in
travel time under normal circumstances; thus, traffic accidents were removed from the database, and any effect of
individual vehicle preference was excluded. We evaluated the travel time distribution based on the average travel
time from ETC data for each 15-min interval. The level of service in an actual intercity highway network was
analyzed using the proposed method. This analysis showed that the level of service fluctuated according to the
road section analyzed, the month, and the time of day. These findings were confirmed by the shape of the
cumulative distribution and indices of average travel time and travel time reliability. Using the evaluation method
described here, the analysis also confirmed the change in travel time distribution between major interchanges after
the opening of a new intercity highway route. Because a great change in the traffic conditions occurred, we
analyzed the relationship between traffic demand and the level of service using detector data.

Key words: level of service, travel time reliability, ETC data, intercity expressway
INTRODUCTION

The reliability of transportation networks is an increasingly important issue for sustained economic growth and
improvement in the quality of life around the world, as time is considered to be more and more valuable.
Schedules and routes need to be able to accommodate unexpected events, such as accidents, natural disasters, or
traffic flow fluctuations, with the minimum possible loss of operational efficiency.

Traffic fluctuates for various reasons, and the sources of the variability in transport service level can be categorized
by the situation as recurrent or non-recurrent. Several indices have been proposed with regard to such situations. In
non-recurrent situations, where large-scale disasters, serious accidents, or even terrorist attacks occur, traffic
demand and traffic supply (capacity) may change. Under such situations, essential questions for the transport
system are issues such as whether one can connect to a specific place or how much demand the degraded network
can support. Connectivity or terminal reliability, capacity reliability, and flow decrement probability have been
proposed as measures. Connectivity reliability[1] is defined as the probability that the specific pair of nodes are
connected under given link-failure probabilities. Capacity reliability[2] is defined as the probability that the total
transport network can afford to serve a predetermined demand level under given link-failure probabilities. Flow
decrement probability[3] can be defined as the probability that the number of the people who cancel their trips is
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less than a predetermined amount.

In recurrent situations, where daily traffic demand may fluctuate, stable or punctual transport services are expected,
and the question is whether drivers can arrive on time. Indices such as travel time reliability and encountered
reliability have been proposed to evaluate the level of service (LoS) of transport in such situations. Travel time
reliability is defined as the probability that a traveler can arrive at a destination within a given travel time threshold
[4]. Encountered reliability is defined as the probability that drivers do not encounter congestion [5]. Recent
analyses suggest that travel time reliability is an important criterion for route choice decisions [6],[7],[8],[9]. The
evaluation of road infrastructure investments by the concept of travel time reliability is thus important. Although
travel time reliability is an appropriate measure of road network reliability, long-term data collection is necessary
to obtain distributions of travel times. Bates et al. [10] used experimental data to examine the diversity of travel
time reliability. Among case studies, scheduling analyses have investigated changes in travel time reliability for
rail travel and highway modes. Noland and Polak [11] conducted a field study of travel time variation based on
stated preference (SP). They used a theoretical approach for discrepancies and considered the partial correlation
between theoretical LoS and actual LoS. Stathopoulos et al. [12] discussed variations in traffic flow patterns using
real-time traffic data for the urban area of Athens, Greece. They found that traffic flow characteristics were similar
for all weekdays but showed relatively more variation during weekends and by time of day. Schurr et al. [13]
applied a model of the design-speed profiles of vehicles approaching curve sections. Noland et al. [14] presented a
model for simulating travel time uncertainty. In addition, from the user viewpoint, they validated scheduling
choices based on traffic predictability, derived from expected cost and average travel delay.

Actual road section data have also been examined. Uno et al. [15] recently presented a methodology for evaluating
both the average travel time and the travel time reliability, showing that the evaluation of travel time reliability
based on the LoS of a whole road section is now possible. Levinson et al. [16] measured the effect of ramp
metering using the fluctuation between the shortest and maximum travel times, based on data obtained from
detectors. Chen et al. [17] presented the relationship between risk-taking route choice models and the effect on
travel time reliability using a risk-averse approach. Emam et al. [18] presented a methodology for evaluating travel
time reliability using a theoretical distribution according to traffic characteristics, based on detector data. Small et
al. [19] reported commuting examples of the preference for a mean and variance of travel time and considered
such issues with the traditional reliability indexes, by combining SP and revealed preference (RP).

Recent research on travel time has employed reliability indices [20] to evaluate the LoS of road transportation
comprehensively, using traffic data obtained by various devices, such as detectors and automatic vehicle
identification (AVI). van Lint et al. [21] proposed reliability indices derived from the median, 10th, and 90th
percentile values. They confirmed the utility of the expression of differences in day-to-day LoS, such as distortion
of travel time distributions. Franklin et al. [22] calculated the value of the travel time reliability adopting a
cost-benefit analysis approach for 3 years of Stockholm’s automatic travel time measurement data, dividing the
duration to be analyzed into 15-min time intervals for the evaluation. Li et al. [23] explored the relationship
between travel time reliability indices and the level of traffic demand using AVI data. Lyman et al. [24] examined
the application of travel time reliability indices in LoS evaluations of sections.

As mentioned above, it is now technically possible to estimate variances in travel times using detector data, but
obtaining precise estimates is difficult because a detector only observes traffic conditions at a single point, and the
LoS of the whole road section may be different. Because many cars in Japan are equipped with electronic toll
collection (ETC) devices, it is now possible to acquire travel time data between interchanges (ICs) using ETC data.
In this paper, we propose a method of evaluating the LoS of a road network using ETC data to estimate travel time
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reliability. The LoS of an intercity highway network was analyzed empirically using these data to obtain the
average travel time and reliability with the aim of quantifying the stability and the certainty of the road network
according to travel time reliability indices. This methodology may be useful for evaluating effects of
improvements in road networks, such as the construction of a new intercity expressway.

RESEARCH NETWORK AND DATA PROCESSING OUTLINE

The aims of this study were to develop a methodology for evaluating the LoS of road networks, to determine
travel time reliability, and to evaluate the effects of a new intercity expressway on an existing expressway. Part of
the Meishin Expressway, a major intercity expressway connecting Nagoya, Kyoto, Osaka, and Kobe, was selected
for the test network. We focused our attention on the section from the Youkaichi IC to the Suita IC, a distance of
about 80 km. The next section describes the evaluation of westbound LoS, which was selected because of the
frequent congestion that occurs in that direction. Validating the methodology to evaluate LoS requires that the road
sections being evaluated differ in terms of the number of lanes and the intensity of traffic demand. From the
viewpoint of the availability of ideal travel time distribution, sufficient ETC data should be available for the
sections being evaluated. Considering these requirements, we selected three sections of almost the same length: the
sections from the Youkaichi IC to the Ritto IC (Sec.1), from the Ritto IC to the Kyoto-Minami IC (Sec.2), and
from the Kyoto IC to the Suita IC (Sec.3). Figure-1 illustrates the sections evaluated to achieve the first aim of this
study together with the network, including the new intercity expressway described below. We used 2006 ETC
data to address the first study aim. Table-1 shows sample ETC volume data for March 2006 and the length of each
section. A large volume of ETC data was available for calculating the average travel time and several indices
representing travel time reliability.

Table-1. Sample volume and section length

Section Sec.1 E Sec.2 E Sec.3
Youkaichi — Ritto — i KyotoMinami —
Name . : : .
Ritto ! Kyoto ! Suita
Sample volume : :
(number of 148256 | 424,441 i 1,460,125
vehicles) | |
Section length (km) 23.7 | 29.6 | 27.1
Detector A B C D
Section name Ritto — Kusatsu — Seta — Seta — UjiNishi
Kusatsu Seta i Kyoto 1 (Keiji Bypass)

The second aim of this study was to use our methodology to evaluate the effect on the LoS of the existing Meishin
Expressway of opening a new intercity expressway. The Shin (New)-Meishin Expressway has operated between
the Kameyama IC and the Kusatsu IC since February 23, 2008. As shown in Figure-1, the Shin-Meishin
Expressway connects the Kameyama IC on the Higashi (East) Meihan Expressway and the Kusatsu IC on the
Meishin Expressway, providing an alternative route for users traveling from locations east of the Toyokawa IC to
locations west of the Seta IC. It is reasonable to expect that changes in driver behavior, such as frequency of
expressway use or route choice might occur. In particular, most drivers traveling from locations east of the
Toyokawa IC to areas west of the Seta IC would be expected to take the new Shin-Meishin Expressway instead of
the existing Meishin Expressway because of the shorter distance involved. The changes in the LoS of the existing
Meishin Expressway were analyzed considering the concept of travel time reliability to support our second
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objective.

It is easy to imagine that the LoS is different between downstream and upstream sections with regard to junctions,
such as the junctions between the Meishin Expressway and Shin-Meishin Expressway and between the Meishin
Expressway and Keiji Bypass. Here, we focus on the level of service in Sec.2, including the junction where the
traffic merges from the Shin-Meishin Expressway and Meishin Expressway and diverges to the Meishin
Expressway and Keiji Bypass. To discuss the effects of junctions on the level of service, this study analyzed the
cross-sectional traffic volumes (demands) observed by the detectors. In this study, four detectors, Detectors A to D
(Table-1), were used to obtain traffic data. Detectors A and B are located upstream and downstream of the junction
of the Meishin and Shin-Meishin Expressways, respectively. Detectors C and D are located downstream of the
junction of the Meishin Expressway and Keiji Bypass. The hourly average and standard deviation of traffic
volume are used as indices to evaluate traffic conditions later in this paper.

Sec.3
Meishin

Expressway

Toyokawa

Figure-1. Network for analysis

We focused on the LoS during normal conditions, and ETC data that may have been affected by traffic accidents
or delays due to road maintenance and repaving were removed from the database according to the daily reports
provided by the expressway corporation. However, ETC data affected by congestion due to heavy inbound traffic
were included in our analyses. The traffic conditions and corresponding LoS of the road network tended to change
temporally within a day. To better manage traffic conditions and enhance the LoS of the expressway, it is
necessary to evaluate the LoS of each road section based on the concept of travel time reliability and to identify
periods of good or bad traffic conditions referring to the travel time distribution. Accordingly, this study groups the
ETC-measured travel time data into 15-min intervals and uses the average travel time over each 15-min interval as
an index to represent traffic conditions.

After excluding ETC data influenced by traffic accidents, road maintenance and repaving as mentioned above,
some of the ETC-measured travel time data still showed inordinately long travel times compared with other data
during the 15-min intervals (Table-2). Table-2 presents an example of observed travel time data from which data
affected by traffic accidents, road maintenance, and repaving have been removed. As shown in this table, some
extraordinarily long travel time data were still included in each 15-min interval. It is possible that these travel time
data may include time spent on breaks at service areas (SAs) and parking areas (PAs). For a pure evaluation of
LoS of road sections under normal traffic conditions, based on the concept of travel time reliability, it is reasonable
that travel time data affected by the time spent on breaks should be excluded. Accordingly, we used a statistical
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and practical processing approach to exclude ETC data that might have been influenced by stops at rest areas,
although discriminating between travel times affected by minor accidents without lane blockages and the times
including rest stops is difficult. On the basis of the computed mean () and standard deviation (o) of travel time for
the original ETC data, we assumed that travel time data for each vehicle outside the range of p &+ ¢ were outliers
and we removed such data from the ETC data set. The outliers were assumed to consist primarily of travel time
data that included time spent on relatively long breaks at rest areas.

The following is an example of processing ETC data for Sec.3 in March 2006. The mean () of all the ETC data
for this section was 24.7 min, and the standard deviation (o) was 22.8 min. Using 1 + ¢ as a threshold to select
ETC data suitable for evaluating the LoS in each 15-min interval, all travel time data exceeding 48 min in Sec.3
were removed as outliers (Figure-2). No outlier was selected by the lower bound p — ¢ value in this section.
Applying p + o as the upper bound resulted in removal of 4.4% of the data, probably corresponding to increased
travel times caused by minor accidents or rest stops. Table-3 shows the amount of data removed and the sample
size for each IC pair. Often, p + 20 is used as a threshold to filter outliers included in a data set. In Table-2, the
dark-shaded and light-shaded travel times correspond to candidate outliers filtered by thresholds of L + 20 and p +
o, respectively. Realistically, it is difficult to imagine that traffic conditions on a certain section of a road network
would change so drastically in a 15-min interval that travel times among vehicles would differ by 40 to 100 min in
direct travel. Thus, a threshold of | + 26 did not seem appropriate for eliminating longer travel times due to breaks
at rest areas. Considering this, we used p + ¢ as the threshold for filtering.

Applying this procedure to filter outliers from the travel time data may lead to a bias in the travel time data.
However, in this study, we adopted a common rule for filtering outliers from travel time data, and the sets of
filtered travel time data may be valid for relative evaluations not only of LoS in 15-min intervals within days, but
also for travel time reliability among road sections in the network.

14.0%
12.0%
10.0%
— 0 W Distribution of untouched data
= 8.0%
g
c 6.0%
S
S 4.0% u+o U+ 20
E upper bound | |upperbound
2.0% /’ /
0.0% NN ENEEEENINNENENE (RN IN NN NNET]
VPP EPRLPLRPLRGOLH P PSP
Traveltime in]

Figure-2. Original travel time distribution and the range of outliers for Sec.3, March 2006.
(Median =20 min.)



Table-2. Example of observed raw travel time data including candidates of outlier

[20] (o]
[20] [o] . .
Day Time All sample| Data Filtered | Data Filtered Raw Data Data Data Travel tlme[mm]
Ave[min] Filtered Fitered [Outlier of y+20, y+ 0
Percentage[%]| Percentage[%] Aveliir] Avolii] ‘_‘_\
3/1 |1145|~|1200| 61 492 1148 2938 24.89 2335 “|50|46| | 19]|18]17
3/2 [1130|~|1145| 54 926 1481 3083 2504 2230 “| 64| 41| |17]17]17
3/6 |1145|~|1200| 57 877 1579 3235 27.10 2404 -|57)48|-+-| 19|18 |18
3/7 |1145|~|1200| 41 732 1951 3061 26.18 2164 -|48]43| - | 18] 1817
3/8 (1130 |~|1145| 72 111 1389 3124 2469 2323 | 70|46 | 18] 17|17
3/10|1215|~|1230| 53 1509 2075 3334 2567 2405 *| 55| 41|+ |18]18]17
3/13|1230|~|1245| 63 1270 2063 3351 2660 2278 -|57| 42| | 18] 18|17
3/14|1145|~|1200| 63 952 1270 3032 2468 2376 -|48)47|---| 18|18 |18
3/16 1200 |~|1215| 57 1228 2105 3347 2542 2224 -|48]38|++| 19|18 |18
3/20|1145|~|1200| 65 1385 2000 3443 2679 24.23 *|55]|47| | 18] 1817
3/20(1230|~|1245| 71 1127 1831 3152 2476 2181 “|50| 47| |17]17]17
3/21|1215|~|1230| 47 851 1064 31.34 2623 2569 49| 47|47+ {1717 17
3/27|1145|~|1200| 65 923 1692 3154 2600 2315 ©|50|45|---| 18|18 |18
3/28|11:45|~|1200| 61 820 1311 2928 2436 2285 -|48]47| - | 18] 18|17
3/29|1200|~|1215| 56 714 1071 2948 2506 2344 -|65|47|---| 18|18 |18
Table-3. Data removed for each section (March 2006)

Section Sec.1 : Sec.2 : Sec.3

Data size

(number of 13,045 37,887 132,722

vehicles) 5 !

Data removed 5 5
%) 502 (3.85) 2,938 (7.75) 5,821 (4.39)




An important characteristic of traffic on a road network is the time-dependent changes in traffic conditions and the
corresponding LoS. This variable dictates the use of shorter unit time intervals to calculate travel times. However,
shorter unit time intervals mean that fewer ETC data will be included in each interval, resulting in reduced
reliability of the estimated travel time. We struck a balance between these tradeoffs and selected a time interval of
15 min. As already mentioned, the aim of this study was to evaluate the LoS of an intercity expressway under
normal traffic conditions. This study also focused on the LoS that an average driver experiences, given that each
driver’s actual experience may vary due to differences in vehicle performance and driver attitudes or preferences.
Thus, we considered the representative values that might be suitable for evaluating the LoS of road sections
experienced by the average driver under normal traffic conditions: mean, mode, and median travel time.

Figures-3 and 4 represent the mean travel time as examples of representative values of travel time in Sec. 1 and
Sec. 3, respectively. Figures 3.1 and 4.1 reflect the mean travel time with 5 min as the unit time interval. Figures
3.2 and 4.2 show a 15-min unit time interval. Additionally, Table-4 shows the frequency of unit time intervals
during which no ETC data were observed. Figures-3 and 4 suggest that fluctuations in mean travel time in a unit
time interval seem to be larger with a 5-min unit time interval due to there being fewer observations included in the
unit time interval and outliers. Table-4 also suggests that with a 5-min unit time interval, a large number of unit
time intervals have no ETC observations, compared with longer unit time intervals. To prevent instability in
evaluating the LoS in each time interval due to the influence of outlier data with a smaller number of travel time
observations, we adopted 15 min as the unit time interval for this study.
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Fig-3.1. Mean travel times using a time interval of 5 min. (Sec.1, March 2006) Fig-3.2. Mean travel times using a time interval of 15min. (Sec.1, March 2006)
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Table-4. Frequency of unit time intervals with zero ETC observations

Section :
Time interva Sec Sec3
5 min 3,686 § 23
15 min 623 § 0
60 min 48 § 0

Figure-5 shows the different distributions of each representative value: the mean, median, and mode of travel time
in Sec.3. In Figure-5, each sample included in the distribution corresponds to a representative value of travel time
with a 15-min unit time interval. When the travel time distribution was based on ETC data from which outlier data
had been removed, most of the travel times were around 20 min, and the travel time distribution had a long right
tail, indicating that the distribution included some relatively longer travel times due to the concentration of traffic
demand. The distributions of both the median and mode tended to be located more to the left than the distribution
of all ETC data, suggesting the possibility that adopting the median or mode of travel time as the representative
value might lead to underestimating the LoS experienced by the average driver under normal conditions. In terms
of the range of the distribution, the average travel time tended to coincide with the range of ETC data. Additionally,
from the viewpoint of appropriately evaluating travel time reliability, we needed to adopt a representative value of
travel time that was capable of capturing the long right tail of the travel time distribution measured by ETC. Thus,
in this study, we used the average travel time based on 15-min intervals as the representative value for evaluating

the LoS of road sections.
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Figure-5. Distribution of ordinary ETC data and total representative values for Sec.3, March 2006.

The following additional data processing criteria were used.

< The travel time distribution was generated using the average travel time from ETC data for each time
interval so as to exclude effects due to driver preferences and variation in individual driving. This index
may be useful for evaluating the LoS of roadways from the viewpoint of road transportation management.

< A time interval of 15 min was selected to include a sufficient number of ETC data points. The average
travel time should be computed using travel times obtained from ETC records for every 15-min interval on
a certain day. The average travel time can be regarded as an index of the LoS for the time interval on that
day.

< The time of day can be classified into time periods, such as morning commuting time, daytime, evening,
and night, considering the features of traffic demand, because temporal changes in LoS by time periods
according to the difference in traffic demand cannot be explicitly considered if all data are pooled for
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analysis. Distributions of average travel time (ATT) were generated for four time periods; morming
commuting time (6:00-9:59), daytime (10:00-16:59), evening (17:00-20:59), and night (21:00-5:59) to
analyze differences in LoS by time of day.

< This study focused on three westbound sections; Sec.1, Sec.2, and Sec.3.

EVALUATION OF LOS BETWEEN MAJOR INTERCHANGES

We obtained the cumulative distributions of average travel time every 15 min for the three sections being analyzed.
Because we wanted to comprehensively evaluate the temporal characteristics of LoS, we grouped the travel time
data measured by ETC into 15-min intervals and obtained the average travel time over each 15-min interval as an
index of traffic conditions. Figures-6, 7, and 8 show travel time distributions for March 2006. A cumulative
distribution located toward the left side of the graph with a steep slope would indicate smooth and stable traffic
service. In all expressway sections, the shape of the cumulative distribution of the average travel time for every
15-min interval during the morning (6:00-9:59) and night (21:00-5:59) were similar in that both distributions
tended to be located towards the left, compared with the distributions during the day (10:00-16:59). This indicates
that the travel time and its variation tended to be small both in the morming and at night. On the other hand, the
variation in travel time was large, and the travel time reliability was lower, during the day (10:00-16:59), as
indicated by the more gradual slope of the cumulative distribution curve and the fact that the distribution was
located more towards the right. Moreover, the evening period (17:00-20:59) in Sec.3 had the poorest LoS in terms
of both traffic smoothness and travel time reliability. This is seen in the gentler slope of the cumulative distribution
curve, with the most gradual slope occurring at over 50% of the cumulative percentage of traffic.

—6:00~9:59#-10:00~16:59~/x 17:00~20:59-C- 21:00~5:59

Cumulative percentage (%)

10 15 20 25 30 35 40 45 50
Travel time (min)

Figure-6. Cumulative distributions of ATT for Sec.1
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The LoS characteristics of the three different sections based on the shapes of the cumulative distributions of
average travel time are discussed below. The similarity in cumulative distributions of travel time across different
time periods indicated that the Sec.1 seemed to provide drivers with relatively homogenous service in all time
periods. The steepness of the cumulative distribution slopes indicated that the LoS of Sec.3 during both the
morning and night seemed to be stable. This section has three lanes in the westbound direction and would thus be
expected to provide drivers with reliable service compared with the two other sections, which have only two
westbound lanes. On the other hand, the traffic demand in Sec.3 was relatively high. Indeed, enormous traffic
demand tended to concentrate in this section, especially during the evening, and the LoS may deteriorate markedly
when traffic demand exceeds the capacity of the section.

Next, the y” test was used to assess whether travel time distributions for the four time periods were statistically
independent. Table-5 shows the results of the ¢’ test in Sec.3. The numbers in Table-5 represent the probability that
the null hypothesis, suggesting no statistical dependence between a pair of travel time distributions, can be rejected.
To apply the ¥’ test, we classified the average travel time into five categories. In the case of Sec.3, travel time can
be classified into less than 19 min, 19-20 min, 21-22 min, 23-24 min, and 25 min and above. The degrees of
freedom = (5 - 1) = 4, and the 5% significance probability is 9.48. From this probability, it can be concluded that
the travel time distributions among the four time periods within a day are statistically independent.

Table-5. Results of y’-test for independence of findings accordingly to daily time periods (Sec.3, March 2006)
L 10:00-  © 17:00- | 21:00-

6:00-9:59 ! : !
L 16:59 0 20:59 0 5:59

Morning(6:00-9:59) E § :
Day(10:00-16:59) 0] —~—~—| g
Evening(17:00-20:59) 0! 151B-2927 —~_ |

Night(21:00-5:59) | 4.23 E-79 | 0! 0

In this section, we analyzed the LoS characteristics of the three different sections using information obtained from
the cumulative distributions of average travel time. Although these cumulative distributions seem to provide useful
information for evaluating the LoS, the analysis itself tends to be subjective. In the next section, we quantify the
LoS using travel time reliability indices.

TRAVEL TIME RELIABILITY INDICES

As mentioned above, the LoS in each section can be analyzed and evaluated in detail using a cumulative
distribution of average travel time for each 15-min time interval. Although this is useful in analyzing the LoS of
each section in detail, the cumulative distribution seems to have too much information for directly comparing the
LoS between different sections and times of day. Thus, we used another approach to evaluate the LoS
comparatively among road sections and time periods. This approach relied on two different indices to evaluate the
LoS comprehensively from the viewpoints of average quality and variability (reliability).

Indices of travel time reliability considered in this study were the planning time (PT), buffer time (BT), buffer time

index (BTT), and buffer time per distance (BT/Dist). PT is defined as the 95" percentile value of the travel time

distribution for each time of day. BT is defined as PT - Ty, where Ty, is the averaged value of the distribution of

average travel time for the 15-min time interval. BTI is an index in which BT is normalized by the average travel

time (BTI =BT / T,y,); BTI can thus be used to compare the LoS between road sections of differing lengths. The

value of BTI is greatly influenced by the average travel time because of the way in which it is defined. As the
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distance between IC pairs increases, average travel time is necessarily greater, and BTI tends to be smaller. To
exclude the influence of distance between IC pairs on the index in representing the reliability of travel time, we
propose a new index, BT/Dist, defined as BT divided by the distance between IC pairs (BT/Dist = (Tos - Tayg) /
section length). Figure-9 shows the monthly cumulative distribution of average travel time. Figure-10 shows the
cumulative distribution of the average travel time in Sec.3 in March 2006 to indicate the relationship between the
cumulative distribution and the indices above. Table-7 shows the corresponding computed results of these travel
time reliability evaluation indices.

Figure-9 suggests that March, August, November, and December were less reliable, and June was the most
reliable month in terms of travel time variability. Table-7 shows the travel time reliability indices for Sec.3. All the
indices in June were the lowest of all the months shown in Table-7. The highest and second highest average travel
time indices, T, were in November (27.9 min) and March (26.2 min), respectively. In terms of average travel
time, the LoS was poorest during November evenings. On the other hand, the LoS based on the reliability indices
was relatively worse in August. Judging from the four indices of travel time reliability, in terms of travel time
reliability, the LoS was poorest in August. This suggests that the LoS evaluated by the indices shown in Table-7
generally corresponded to the LoS represented by the original cumulative distribution of travel times shown in
Figure-7.

It was also confirmed that the distribution shape was independent of month, as was shown using the y” test for time
of day. No difference between pairs of distribution shapes was found at the 5% significance level, except between

daytime in June and daytime in December, and between morning in November and morming in December.

Table-6.1. 7’ statistic for independence of findings according to month (Sec.3, 2006, morning: 6:00-9:59)

morning time March June August November December
March ' ' ' '

June 6.56 E-03 \ :
August 2.47 E-16 | 3.80 E-29 \ |
November | 3.09 E-07 | 428 E-16 | 411E-29, ~—~—_|

December 4.56 E-14| 1.67 E-26 | 1.41 E-32 0.11 |
Table-6.2. ¢ statistic for independence of findings according to month (Sec.3, 2006, day: 10:00—16:59)
day time March June ' August : November :@ December
March : ' ' '
June 4.51 E-16

August 134 E-20 2.01 E-581 ~__ | |
November | 4.67 B-04 ! 1.06 E-12} 338 E-21§ ~—~—~_

December 3.92 E-07 | 0.05 ! 2.56 E-47 | 6.03 E-06 !
Table-6.3. 7 statistic for independence of findings according to month (Sec.3, 2006, evening: 17:00-20:59)

evening time March June ' August ' November @ December
March ' ' ' '
June 0 !
August 2.73 E-08 : 1.87 E-162 ! !

November 3.47 E-16 0: 2.64E-36:

December 4.65 E-29 1 2.17 E-32: 3.19 E-20: 4.27 E-63 |

11



Table-6.4. i statistic for independence of findings according to month (Sec.3, 2006, night: 21:00-5:59)
night time March ! June ! August | November ! December
March 5 :
June 930 E-61 | ~—~_ | |
August 1.60 B-12 | 321 B-22] ~—~—~—_ | |
November | 3.65 E-03| 1.72 E-10} 9.80 E-17] ~~__

December 0.02 | 4.41 E-03 7.98 E-24 | 8.93 E-11

The LoS values between March and December were next compared in terms of travel time reliability. Although
the BT value was similar in March and December (15.8 and 16.0 min, respectively), the LoS in December was
poor compared with that in March in terms of travel time reliability based on the BTI index. In fact, a significant
difference was found between March (0.606) and December (0.667) in BTI. On the other hand, the BT/Dist index
had almost the same value in March (0.585) and December (0.591). Because of the way it is defined, the value of
BTI is influenced strongly by the average travel time. This characteristic of BTI does not seem to be beneficial
from the viewpoint of a pure evaluation of travel time variability. Additionally, the LoS of road sections with
different distances must be analyzed and evaluated as separate cases. This indicates that the index representing the
travel time reliability should be normalized by the length of the road section, so that the LoS for different-length
sections can be compared directly. Thus, we selected the BT/Dist index to evaluate travel time reliability.

When we intuitively analyze and evaluate the LoS solely from the cumulative distribution shown in Figure-7, the
LoS in November seems to be worse than in other months due to the shape of the cumulative distribution in the
evening, However, this is not necessarily true when we evaluate the LoS in detail, based on the indices shown in
Table-7. One reason for this discrepancy is that the average travel time in November tended to be longer than that
in other months. Another reason is that the index for evaluating travel time reliability depends on the 95™ percentile
travel time. In future, we must investigate the possibility of introducing new evaluation indices based on
higher-order information derived from the cumulative distribution, such as kurtosis or skewness. Kurtosis and
skewness may provide better reliability indices to evaluate the LoS of a road section. These indices may better
describe the cumulative distribution shape, which is not expressed well by current travel time reliability indices.

12



=
o
o

Cumulative distribution (%)

— 6:00~9:59 § o0 P

-#-10:00~ 16:59 : v I

-2-17:00~20:59 2 0 [] MAR

-0-21:00~5:59 20 (min)
10 20 30 40 50
100

=
o
o

Cumulative distribution (%)

80 80
60 !? 60
40 4 40

Ll[ JUN

Zg # (min)

20

Cumulative distribution (%)

100 o - 100
o s
80 ;" ﬂﬂfﬂ é 80
60 l! AAAAA é 60 ]
£ @
;8 il Nov| ¥ ;g Il DEC
0 d;ﬁd (min) Lé 0 /#' (min)
10 20 30 40 50 N 10 20 30 40 50

Figure-9. Monthly cumulative distributions of ATT for Sec.3, 2006.

-+-KyoSui section for March, 2006
100 vavvvééeéeee
q 90 ~[{Average Tim:
5 80 20.8 min‘/
s 70 - - -
2 Planning Time = 27 min
5 50 / Planning Time Index = 1.72
a
2 40 || Buffer Time = 6.2 min
©
E 30 Buftter| Iime Index = 0.30
20 [
3 Ideal Travgl Time
. 15 i
10 15 20 25 30 35 40 45 50
N =2891 Travel Time [min]

Figure-10. Travel time reliability indices for Sec.3, March 2006.
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Table-7. Reliability indices by month for Sec.3, 17:00-20:59

MAR JUN AUG NOV DEC
Tye 26.2 20.8 26.0 279 24.0
Tos(PT) 42.0 24.0 47.0 41.0 40.0
BT 15.8 3.2 21.0 13.1 16.0
BTI 0.606 0.156 0.807 0.467 0.667
BT/Dist 0.585 0.120 0.774 0.482 0.591
1C Dist 27.1

The LoS of the three different road sections were compared and analyzed as a case study to evaluate the LoS of
road sections in terms of both average travel time and travel time reliability. Assuming two road sections, A and B,
with the same distance and average travel time, it can be said that the LoS of section A is better than that of section
B if the BT of section A is smaller than that of section B from the viewpoint of travel time reliability. Furthermore,
assuming that road sections A and B have the same distance and BT, it can be said that the LoS of section A is
better than that of section B if the average travel time of section A is smaller than that of section B. Clearly, the
ideal situation in terms of LoS is defined as the road section that can provide travelers with a lower average travel
time and higher travel time reliability. Judging from the simple example mentioned above, it is necessary to
consider both average travel time and BT to properly evaluate the LoS of a road section.

As mentioned above, BT/Dist was used as an index to evaluate travel time reliability. The average travel time was
also normalized by the length of the road section (T,/Dist) to enable a direct comparison of LoS for road sections
with different lengths. Figure-11 shows a scatter chart of the relationship between T,y/Dist and BT/Dist. Smaller
values of these indices indicate better service levels. Each dot in Figure-11 corresponds to the LoS computed by
both month and road section. For example, the red circle represents the LoS in Sec.3, and the 12 dots of each type
represent the months included in the analysis.

We first examined the difference in LoS according to the time of day. The LoS in the moring (6:00-9:59) and at
night (21:00-5:59) were relatively good for all road sections, as shown by the fact that both T,/Dist and BT/Dist
in all months tended to be small. It is clear that LoS in the evening (17:00-20:59) was poorest, especially for Sec.3,
which was the worst of the three road sections analyzed. The distributions of dots for Sec.1 and Sec.2 differed
from those of Sec.3. This suggests that Sec.l and Sec.2 may be characterized by less time-of-day fluctuation in
LoS than Sec.3. This also suggests that the LoS of Sec.3 was better than that of other sections except in the
evening, Sec.3 has a minimum of three lanes in each direction, providing drivers with a better LoS than in the
other sections with two lanes. However, it is also possible that heavy westbound traffic may degrade the LoS in the
evening. This case study suggests that evaluating LoS using both T,/Dist and BT/Dist may be useful for direct
quantitative comparisons of LoS between road sections and times of day.
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EFFECTS OF A NEW INTERCITY EXPRESSWAY

This section analyzes the effects of the Shin-Meishin Expressway on the LoS of the existing network using the
travel time distribution and some indices of travel time reliability. The effects of the Shin-Meishin Expressway
were first evaluated based on the change in travel time of long-distance trips from areas east of the Toyokawa IC
and west of the Suita IC. After the Shin-Meishin Expressway was opened, drivers traveling on the road network
under consideration could choose either the existing Meishin Expressway or the new Shin-Meishin Expressway,
as shown in Figure-1. Figure-12 shows the travel time distributions of the analyzed section before and after the
opening of the Shin-Meishin Expressway. The present ETC system records the ICs through which each vehicle
enters and exits and the corresponding date and time, but contains no information about the route taken between
those ICs. Thus, the travel time distribution after the opening of the Shin-Meishin Expressway includes travel
times on both the existing and new routes. The travel time of the road section between the Toyokawa and Suita
ICs tended to be lower after the opening of the new Shin-Meishin route in 2008.

Although it is not possible to classify drivers into users of the Meishin and of the Shin-Meishin routes based on the
information available, it does seem that the new Shin-Meishin route led to a significant reduction in the travel time
of the analyzed road sections, including the existing Meishin route. Although the average travel time in 2008
decreased by about 20 min compared with the time in 2007, the reduction in PT (i.e., the 95" percentile travel
time) was about 15 min, which was less than that for the average travel time mentioned above. Thus, the travel
time reliability in 2008 appeared to be worse than it was in 2007. However, the LoS in 2008 was better than that in
2007, according to the travel time distribution shown in Figure-10. This illustrates the need for using several
indices to measure the travel time reliability to evaluate the LoS of road networks accurately. Because Figure-12 is
drawn using the travel time from actual vehicle travel time distributions, it may be expected to provide precise LoS
for new road networks.
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Figure-12. Comparison of travel time distributions in 2007 and 2008 for the Toyokawa to Suita IC section.
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Figure-13. Differences in AT/Dist and BT/Dist between 2007 and 2008.
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Figure-14. Average traffic volume for 2007 and 2008.
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We next examined the difference in the LoS of the existing Meishin route before and after the opening of the
Shin-Meishin route. Figure-13 shows the difference in AT/Dist (= T,/ Dist) and BT/Dist between 2007 and 2008.
The difference in the indices was classified into three time periods: morning, daytime, and evening. A negative
(positive) difference in an index indicates that the LoS improved (deteriorated). Figure-10 indicates that the 2008
LoS for the existing Meishin road may have shown some improvement. This seems to be true if we restrict our
focus to the LoS of Sec.1 of the existing Meishin route. However, the LoS of Sec.2, including the junction
between the Meishin and Shin-Meishin Expressways, deteriorated in terms of both AT/Dist and BT/Dist. This
section seemed to be suffering from the concentration of traffic demand imposed by the merging of the existing
Meishin route and the new Shin-Meishin route. Finally, the LoS in the evening in Sec.3 deteriorated markedly.

In this section, the changes in the level of service shown in Figure 13 are validated by the analyses of changes in
hourly averages and standard deviations (SDs) of traffic volume estimated from data from Detectors A to D.
Figures 14 and 15 show the mean and SD of traffic volume in 2007 and 2008, respectively. The mean and SD of
traffic volume in 2007 and 2008 represent the cross-sectional traffic condition before and after the opening of the
Shin-Meishin Expressway, respectively.

As shown in Figure-13, the LoS of Sec.1 improved after the opening of the new route. When we focus on both the
average and SD of traffic volume, estimated from the data of Detector A in Figures 14 and 15, it can be seen that
both tended to decrease from 2007 to 2008. It seems that this reduction in both the mean and SD of traffic volume
may have been caused by the diversion of traffic, especially for long-distance travel, from the Meishin to the
Shin-Meishin Expressway, which may have led to the apparent improvement in the level of service in Sec.1. Due
to the concentration of traffic demand resulting from the merging of the existing Meishin route and Shin-Meishin
route, the average traffic volume at Detector B tended to increase from 2007 to 2008. This suggests that the
opening of the Shin-Meishin Expressway may have led to increased traffic demand in Sec.2, and thus the level of
service may have deteriorated, especially in terms of travel time reliability, as indicated by BT/Dist (Figure-13).

Judging from the SD of traffic volume at Detector C, the traffic conditions tended to become more unstable. This
tendency may be related to the deterioration in travel time reliability of Sec.3, the section further downstream of
Detector C, in the evening in 2008. It seems that the increase in traffic demand (volume) in Sec.2 may also have
caused an increase in traffic demand (volume) in the Keiji Bypass route, which diverges from the Meishin
Expressway at a junction in Sec.2. Additionally, the SD of traffic volume at Detectors C and D tended to increase,
especially from evening to midnight.

In this section, it can be said that the cross-sectional traffic conditions observed by the detectors may coincide with

the level of service shown in Figure-13. That is, it was confirmed that the indices AT/Dist and BT/Dist are
appropriate in evaluating changes in the level of service caused by the opening of the new intercity expressway.
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CONCLUSIONS

We developed a method for evaluating the LoS of road networks from the viewpoint of both the average travel

time and travel time reliability using electronic toll collection (ETC) data. Compared with conventional

evaluations using only average travel times, the proposed method provides a detailed and exact evaluation of the

LoS of road sections, considering variations in traffic service for different times of day and road sections. We

evaluated the LoS and changes of travel time distribution between major ICs before the opening of a new intercity

highway route (the Shin-Meishin Expressway) using the evaluation method established in this study. The changes
in LoS between major ICs were also evaluated after the opening of the new expressway from the viewpoint of
average travel time and travel time reliability. Although the LoS of most parts of the road network tended to

improve with the opening of the new expressway, the LoS of some road sections seemed to deteriorate, due to a

concentration in traffic demand. The following are our major findings:

1) This study established a methodology for evaluating the LoS in terms of travel time reliability using ETC data
for an existing intercity expressway. To evaluate the LoS under ordinary traffic conditions, it was necessary to
exclude outlier data, corresponding to time at rest stops and due to minor accidents. ETC data with travel times
outside the range of p + ¢ were regarded as outliers and were eliminated from the original ETC data set.

2) This study examined the average travel time in 15-min time intervals as the representative value for evaluating
the LoS of road sections. The distribution of average travel times in 15-min intervals can be used for
computing the indices used to evaluate the LoS including the mean value (p), standard deviation (o), PT, BT,
BTI and so on.

3) In this study, we propose a new index, BT/Dist, to enable direct comparison and evaluation of the LoS among
multiple road sections of different lengths. We suggest that both BT/Dist and T,/Dist be used to evaluate the
LoS of road sections from the viewpoints of both average travel time and travel time reliability. We used case
studies to confirm that the approach used to evaluate the LoS in this study can be valuable in determining the
difference in the LoS for different road sections and times of day.

4) This study also evaluated the effect of the new Shin-Meishin Expressway on the LoS of the existing road
network including the existing Meishin Expressway. It likely that the operation of the Shin-Meishin
Expressway may lead to improvement in the LoS of the road network in general. Additionally, judging from
analyses of cross-sectional traffic conditions observed by detectors, it was confirmed that the indices, namely
AT/Dist and BT/Dist, were appropriate for evaluating the change in level of service caused by the opening of
the new intercity expressway. The case study (using data only for the evening for 5 months) is not sufficient to
justify use of BT/Dist. The effectiveness of this index needs to be verified in more detail with further relevant
data in the future.

In future research, the ETC data used in the evaluation will be increased to cover a much larger road network.
Additionally, temporal changes in LoS will be investigated using ETC data for additional years. Further

investigation of how the LoS might be influenced by various factors, such as traffic demand, road structure,
geometric design, and weather conditions, is required to contribute to better management of road networks.

ACKNOWLEDGMENTS

This research was supported to a large extent by NEXCO-West, Japan. We also thank the Institute of Systems
Science Research for supporting the ETC data analysis.

18



REFERENCES

[1] Wakabayashi, H. and lida, Y.: ‘Upper and lower bounds of terminal reliability of road networks: an efficient
method with Boolean algebra’, Journal of Natural Disaster Science, 1992, 14, pp. 29-44.

[2] Chen, A., Yang, H., Lo, HK. and Tang, W.H.: ‘A capacity related reliability for transportation networks’,
Journal of Advanced Transportation, 1999, 33, (2), pp. 183-200.

[3] Du, Z.P. and Nicholson, A.J.: ‘Degradable transportation systems: sensitivity and reliability analysis’,
Transportation Research B, 1997, 31, (3), pp. 225-237.

[4] Asakura, Y. and Kashiwadani, M.: ‘Road network reliability caused by daily fluctuation of traffic flow’, 19th
PTRC Summer Annual Meeting, Proc. Seminar G, Brighton, September 1991, pp. 73-84.

[5] Bell, M.G.H. and Schmocker, J.-D.: ‘Public transport network reliability: topological effects’, Proc. of the
Third International Conference on Transportation and Traffic Studies (ICTTS), Guilin, July 2002.

[6] Bell, M.G.H. and Iida, Y. (eds.): ‘Transportation Network Analysis’, Wiley, Chichester, 1997.

[7] Kazimi, C., Brownstone, D., Ghosh, A., Golob, T. F. and van Amelsfort, D.: “Willingness-to-pay to reduce
commute time and its variance: evidence from the San Diego I-15 congestion pricing project’, Proc. of the
79th Annual Meeting of the Transportation Research Board, Washington, D.C., January 2000.

[8] Lam, T., and Small, K.: ‘The value of time and reliability: measurement from a value pricing experiment’,
Transportation Research E, 2001, 37, pp. 231-251.

[9] de Palma, A. and Picard, N.: ‘Route choice decision under travel time uncertainty’, Transportation Research
A, 2005, 39, pp. 295-324.

[10] Bates, J., Polak, J., Jones, P. and Cook, A.: ‘The valuation of reliability for personal travel’, Transportation
Research E, 2001, 37, (2-3), pp. 191-229.

[11] Noland, R.B. and Polak, J.W.: ‘Travel time variability: a review of theoretical and empirical issues’,
Transportation Reviews, 2002, 22, (1), pp. 39-54.

[12] Stathopoulos, A. and Karlaftis, M.: “Temporal and spatial variations of real-time traffic data in urban areas’,
Transportation Research Record, No. 2407, Journal of the Transportation Research Board, Washington, D.C.,
2001, pp. 135-140.

[13] Schurr, K. S., Spargo, B. W., Huff, R. R. and Pesti, G.: ‘Predicted 95" percentile speeds on curved alignments
approaching a stop’, Transportation Research Record, No. 1912, Journal of the Transportation Research
Board, Washington, D.C., 2005, pp. 1-10.

[14] Noland, R.B., Small, K.A., Koskenoja, P.M. and Chu, X.: ‘Simulating travel reliability’, Regional Science
and Urban Economics, 1998, 28, (5), pp. 535-564.

[15] Uno, N., Kurauchi, F., Tamura, H. and lida, Y.: ‘Using bus probe data for analysis of travel time variability’,
Journal of Intelligent Transportation Systems, 2009, 13, (1), pp. 1-14.

[16] Levinson, D. and Zhang, L.: “Travel time variability after a shock: the case of the twin cities ramp meter shut
off’, The Network Reliability of Transport, Pergamon, 2003, 23, pp. 385-402.

[17] Chen, A., Ji, Z. and Recker, W.: ‘Travel time reliability with risk-sensitive travelers’, Transportation Research
Record, No.1783, Journal of the Transportation Research Board, Washington, D.C., 2002, pp. 27-33.

[18] Emam, E. M. and Al-Deck, H. M.: ‘Using real-life dual-loop detector data to develop new methodology for
estimating freeway travel time reliability’, Transportation Research Record, No.1959, Journal of the
Transportation Research Board, Washington, D.C., 2006, pp. 140-150.

[19] Small, K.A., Winston, C. and Yan. J.: ‘Uncovering the distribution of motorists’ preferences for travel time
and reliability’, Econometrica, 2005, 73, (4), pp. 1367-1382.

[20] FHWA Report: ‘Selecting travel reliability measures’, 2003.

[21] van Lint, J. W. C. and H. J. van Zuylen.: “‘Monitoring and predicting freeway travel time reliability: using
width and skew of day-to-day travel time distribution’, Transportation Research Record, No.1917, Journal of

19



the Transportation Research Board, Washington, D.C., 2005, pp. 54-62.

[22] Franklin, J. P. and Karlstrom, A.: ‘Travel time reliability for Stockholm roadways: modeling mean lateness
factor’, Transportation Research Record, No. 2134, Journal of the Transportation Research Board,
Washington, D.C., 2009, pp. 106-113.

[23] Li, R., Rose, G. and Sarvi, M.: “‘Using automatic vehicle identification data to gain insight into travel time
variability and its causes’, Transportation Research Record, No. 1945, Journal of the Transportation Research
Board, Washington, D.C., 2006, pp. 24-32.

[24] Lyman, K. and Bertini, R. L.: ‘Using travel time reliability measures to improve regional transportation
planning and operations’, Transportation Research Record, No.2046, Journal of the Transportation Research
Board, Washington, D.C., 2008, pp. 1-10.

20



