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Abstract

Travel time reliability is vital for both road agencies and road users. Expected travel time reliability can be used by road agencies to
assess the state of a transportation system, and by road users, to schedule their trips. Road network deficiencies, such as insufficient
traffic flow capacity of a road segment or poor road design, have a negative impact on the reliability of travel times. Thus, to
maintain robust and reliable travel times, the detection of road network deficiencies is vital. By continuously analyzing travel times
and using appropriate travel time reliability measurements, it is possible to detect existing deficiencies or deficiencies that may
eventually occur unless necessary actions are taken. In many cases, indices and measurements of travel time reliability are related
to the distribution of the travel times, specifically the skewness and width of the distribution. The current paper introduces a median-
based misery index for travel time reliability. The index is robust and handles travel times that follow a skewed distribution well.
The index measures the relative difference between the slow travel speeds and the free-flow travel speed. The index is inspired
by the median absolute deviation, and its primary application is to detect routes or road segments with potential road network
deficiencies. To demonstrate the applicability of the index, we conducted an empirical case study using real travel speed data from
the European route E4 in Sweden. The results from the empirical case study indicate that the index is capable of detecting road
segments with slow travel speeds regardless of the travel speed distribution.
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1. Introduction

Travel time is an important performance measure of the state of a transportation system and it plays a fundamental
role for the society from a broad perspective [1, 2]. For example, the uncertainty in travel times may account for
15% of time costs on an urban road [3]. This means that, given the extensive resources and time spent on the daily
transportation of both persons and goods, the uncertainty in travel times may incur considerable economic costs to
society. Road users are likely to be less tolerant of unexpected delays, and therefore select on average longer trips
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with more reliable travel times [4, 5]. Thus, travel time reliability can be utilized by road users to plan their trips to
reach their destinations on time or with tolerable delays. As the number of vehicles on the roads is increasing, it has
become more important to predict and detect congestion, bottlenecks, and other road network deficiencies that may
influence the travel times negatively. Therefore, to maintain or improve the traffic state, it is important to detect routes
or road segments where delays or high deviations in travel times occur. Travel time reliability refers to how consistent
the travel times are from day-to-day or during different periods of the day, based on the prior experiences of individual
road users or from historical observations [6, 7]. Day-to-day variations in travel time are influenced by travel demand,
weather conditions, congestion, and road work, among other variables [8, 9]. Travel time reliability can be evaluated
in different ways, but in general, all travel time reliability measures can relate to the distribution of travel times and the
properties of this distribution: The wider the distribution of the travel times, the less reliable the travel times are [8, 9].

Data to evaluate travel time reliability can be sourced from, for instance, loop detectors, probe vehicles, Bluetooth
devices, and GPS records [10]. Modern vehicles are increasingly connected, either directly by built-in navigation
systems in the vehicles or indirectly by other devices such as mobile phones and GPS units. This renders it possible
to continuously collect various types of traffic data in a cost-effective way over time and across large geographic
regions without any additional measurement devices. Travel speed is a common descriptor of the traffic state, and it
can be extracted from GPS data [11]. According to the kinetic theory of traffic flow, travel time variability negatively
correlates with the travel speed (the variability of travel times increases as the mean travel speed decreases), which
means that travel speeds can indirectly be used to analyze the reliability of travel times [12].

The travel time index is a straight-forward measure of travel time reliability and is the ratio between the mean travel
time and the free-flow travel time [13]. However, empirical studies show that travel time reliability, is to a large extent,
correlated to the variance of travel times, and travel time reliability measures can be determined from the day-to-day
distribution of travel times [14, 9]. For travel times that follow a symmetric (i.e., normal) distribution, it has been
suggested that the standard deviation can be used to model an expected travel time window around the mean travel
time to encompass 68% or 95% of the trips using one or two standard deviations [15, 6]. When travel times follow
a skewed distribution, it is more appropriate to use percentiles [3]. A straight-forward approach to measuring travel
time reliability is to use the 90th-percentile or 95th-percentile, which estimates the delay during the heaviest trafficked
days [16, 13]. Examples of measures using percentiles include the planning index and buffer index. The planning
index is the ratio between the travel time for a given percentile and the free-flow travel time, and the buffer index is
the relative difference between the mean travel time and the travel time for a given percentile [17, 18]. For instance,
based on the 95th-percentile, the planning index is a measure of how much longer the total travel times are than the
free-flow travel time for 95% of the trips. The buffer index is the additional travel time (above the mean travel time)
required for 95% of the trips.

As the travel time index and buffer index include mean travel time, their values can be misleading when the distri-
bution of travel times is strongly skewed. Instead, it is suggested to use the coefficient of variation as a replacement
for many of the established measures and indicators used today [13]. Furthermore, when travel times follow a skewed
distribution, it is suggested that mean travel time should be replaced by the median travel time when computing the
buffer index. Another robust measure to evaluate the travel time reliability is dmp90, which is defined as the difference
between the 90th-percentile and the median travel time [19]. It is also argued that it is important to capture both the
skewness and width of the distribution of the travel times [8, 9]. The Florida Department of Transportation defines
the travel time reliability as the percentage of trips that takes no longer than some acceptance level. Their model uses
a threshold level (expected arrival time plus some additional delay) and calculates the probability that the travel time
will be less than the threshold value [20]. Another measure of the travel time reliability is the misery index (MI),
which measures the relative difference between a portion of the worst trips and the mean travel time [21, 13]. The
index gives a measure of how much the longest travel times exceed the mean travel time [6]. For example, the MI can
be computed by taking the difference between the longest 20% of travel times and the mean travel time and dividing
it by the mean travel time.

The novel contribution of this paper is a new median-based MI (MMI) to assess the traffic state. The index provides
a measure of difference between the relatively slow travel speeds and the free-flow travel speed along a route or a road
segment. The index may be used as a tool to analyze travel time reliability or to detect road segments with deficiencies
that may negatively impact the travel times. To demonstrate the applicability of the proposed index, we provide an
empirical case study using travel speed data from a 2+1 road in Sweden.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.procs.2023.03.023&domain=pdf
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with more reliable travel times [4, 5]. Thus, travel time reliability can be utilized by road users to plan their trips to
reach their destinations on time or with tolerable delays. As the number of vehicles on the roads is increasing, it has
become more important to predict and detect congestion, bottlenecks, and other road network deficiencies that may
influence the travel times negatively. Therefore, to maintain or improve the traffic state, it is important to detect routes
or road segments where delays or high deviations in travel times occur. Travel time reliability refers to how consistent
the travel times are from day-to-day or during different periods of the day, based on the prior experiences of individual
road users or from historical observations [6, 7]. Day-to-day variations in travel time are influenced by travel demand,
weather conditions, congestion, and road work, among other variables [8, 9]. Travel time reliability can be evaluated
in different ways, but in general, all travel time reliability measures can relate to the distribution of travel times and the
properties of this distribution: The wider the distribution of the travel times, the less reliable the travel times are [8, 9].

Data to evaluate travel time reliability can be sourced from, for instance, loop detectors, probe vehicles, Bluetooth
devices, and GPS records [10]. Modern vehicles are increasingly connected, either directly by built-in navigation
systems in the vehicles or indirectly by other devices such as mobile phones and GPS units. This renders it possible
to continuously collect various types of traffic data in a cost-effective way over time and across large geographic
regions without any additional measurement devices. Travel speed is a common descriptor of the traffic state, and it
can be extracted from GPS data [11]. According to the kinetic theory of traffic flow, travel time variability negatively
correlates with the travel speed (the variability of travel times increases as the mean travel speed decreases), which
means that travel speeds can indirectly be used to analyze the reliability of travel times [12].

The travel time index is a straight-forward measure of travel time reliability and is the ratio between the mean travel
time and the free-flow travel time [13]. However, empirical studies show that travel time reliability, is to a large extent,
correlated to the variance of travel times, and travel time reliability measures can be determined from the day-to-day
distribution of travel times [14, 9]. For travel times that follow a symmetric (i.e., normal) distribution, it has been
suggested that the standard deviation can be used to model an expected travel time window around the mean travel
time to encompass 68% or 95% of the trips using one or two standard deviations [15, 6]. When travel times follow
a skewed distribution, it is more appropriate to use percentiles [3]. A straight-forward approach to measuring travel
time reliability is to use the 90th-percentile or 95th-percentile, which estimates the delay during the heaviest trafficked
days [16, 13]. Examples of measures using percentiles include the planning index and buffer index. The planning
index is the ratio between the travel time for a given percentile and the free-flow travel time, and the buffer index is
the relative difference between the mean travel time and the travel time for a given percentile [17, 18]. For instance,
based on the 95th-percentile, the planning index is a measure of how much longer the total travel times are than the
free-flow travel time for 95% of the trips. The buffer index is the additional travel time (above the mean travel time)
required for 95% of the trips.

As the travel time index and buffer index include mean travel time, their values can be misleading when the distri-
bution of travel times is strongly skewed. Instead, it is suggested to use the coefficient of variation as a replacement
for many of the established measures and indicators used today [13]. Furthermore, when travel times follow a skewed
distribution, it is suggested that mean travel time should be replaced by the median travel time when computing the
buffer index. Another robust measure to evaluate the travel time reliability is dmp90, which is defined as the difference
between the 90th-percentile and the median travel time [19]. It is also argued that it is important to capture both the
skewness and width of the distribution of the travel times [8, 9]. The Florida Department of Transportation defines
the travel time reliability as the percentage of trips that takes no longer than some acceptance level. Their model uses
a threshold level (expected arrival time plus some additional delay) and calculates the probability that the travel time
will be less than the threshold value [20]. Another measure of the travel time reliability is the misery index (MI),
which measures the relative difference between a portion of the worst trips and the mean travel time [21, 13]. The
index gives a measure of how much the longest travel times exceed the mean travel time [6]. For example, the MI can
be computed by taking the difference between the longest 20% of travel times and the mean travel time and dividing
it by the mean travel time.

The novel contribution of this paper is a new median-based MI (MMI) to assess the traffic state. The index provides
a measure of difference between the relatively slow travel speeds and the free-flow travel speed along a route or a road
segment. The index may be used as a tool to analyze travel time reliability or to detect road segments with deficiencies
that may negatively impact the travel times. To demonstrate the applicability of the proposed index, we provide an
empirical case study using travel speed data from a 2+1 road in Sweden.
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The remainder of the paper is organized as follows. In Section 2 we present and discuss the proposed MMI.
Section 2 also includes a discussion of free-flow travel speed, and how the proposed index relates to the MI. An
empirical case study using high-resolution travel speed data acquired from GPS devices is provided in Section 3.
Finally, Section 4 provides concluding remarks and avenues for future research.

2. Median-Based Misery Index for Travel Time Reliability

2.1. Median-based Misery Index

The purpose of the proposed MMI is to quantify the difference between the relatively slow travel speeds and the
free-flow travel speed. The index can be used to detect road segments or routes with road network deficiencies, and it
may serve to support decision-making when prioritizing improvements or investments in transportation systems. The
index is inspired by the median absolute deviation (MAD), which is a statistical measure of the variability of a sample
data set [22]. For a univariate data set X = {X1, X2, . . . , Xn}, whose median is denoted by X̃, the MAD is defined as

MAD = median
(∣∣∣X̃ − Xi

∣∣∣) , i = 1, 2, . . . , n. (1)

The MAD is the median of the absolute values of the deviations from the median of the sample data set. In the
proposed index, the median of the deviations between the relatively slow travel speeds and the free-flow travel speed
is instead used. Hence, let X denote the set of relatively slow travel speeds during some period with respect to the
free-flow travel speed, denoted by Xfree. The proposed MMI is defined as

MMI = median
(

Xi − Xfree

Xfree

)
, i = 1, 2, . . . , n (2)

which is the median of the relative deviations from the relatively slow speeds and the free-flow travel speed. Note
the absence of the absolute value in Eq. (2). On the one hand, if MMI is small (and either positive or negative), then
the relatively slow travel speeds are close to the free-flow travel speed, which indicates that the traffic conditions are
satisfactory for road users who want to reach their destination as efficiently as possible. On the other hand, if MMI is
negative and closer to −1, then a non-trivial number of travel speeds are significantly slower than the free-flow travel
speed. This may indicate a deficiency related to capacity or the road design.

This research supports the use of percentiles to identify relatively slow travel speeds, where travel speed observa-
tions below a specified percentile value, e.g., the 20th-percentile or 25th-percentile, are relatively slow. The index in
Eq. (2) is defined in terms of travel speed; however, the index can also be defined in terms of travel time by considering
the relatively longest travel times and the free-flow travel time.

Many different methods exists to define the free-flow travel speed. For instance, the free-flow travel speed can
be expressed as “the mean speed of passenger cars under low to moderate flow rates that can be accommodated
on a uniform roadway under prevailing roadway and traffic conditions” or “the speed vehicles can travel under no
restrains during actual road conditions” [23, 24]. The free-flow travel speed can be measured during off-peak hours
of the day when the traffic flows are low or moderate. The posted speed limit of the road segment can also be used as
the free-flow travel speed.

2.2. Relation to the Misery Index

The MMI and MI both focus on the slowest travel speeds (trips with longest travel time). Using travel speeds, the
MI can be defined as

MI =
X20 − X

X
, (3)

where X20 is the mean travel speed for the slowest 20% of the trips and X is the overall mean travel speed [6]. Other
suggested percentages to use for the slowest trips are as low as 0.5% [13].

As previously discussed, measurements using the mean travel speed may give misleading results if the travel speeds
follow a skewed distribution. For demonstration, Fig. 1 and Fig. 2 show histograms of travel speeds from two example
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road segments where the travel speeds follow a symmetric and skewed distribution, respectively. The light-red shaded
region of the histogram shows the 20% slowest travel times. The vertical lines in the figures show the values of the
mean travel speed of the 20% slowest travel speeds X20, the mean travel speed X, and free-flow travel speed Xfree.
The vertical lines labeled α are the median values among the slowest 20% travel speeds. The width of the horizontal
lines is |α − Xfree| and |X20 − X| which is proportional to the absolute values of MMI and MI by the factors Xfree and
X. Given that the free-flow travel speed is 100 km/h for the road segments, the MI values are −0.13 and −0.14, and
the MMI values are −0.14 and −0.25 for the distributed travel speeds that are symmetrical and skewed, respectively.
Thus, the MI does not highlight that a large number of the travel speeds are below the free-flow travel speed in the
example shown in Fig. 2 because the difference between the two MI values is very small.

Fig. 1. Symmetrically distributed travel speed observations. The MI and MMI of the travel speed data set are −0.13 and −14.0 respectively. The
light-red shaded region shows the 20% slowest travel speed.

Fig. 2. Skewly distributed (positive) travel speed observations. The MI and MMI of the travel speed data set are −0.14 and −0.25 respectively. The
light-red shaded region shows the 20% slowest travel speed.

3. Empirical Study of Median-Based Misery Index

3.1. Scenario and Data Description

Travel speed data from the European route E4 between Gävle and Söderhamn in Sweden were used in the empirical
study. The 2+1 road studied had two lanes in one travel direction and one lane in the opposite travel direction,



 Henrik Fredriksson  et al. / Procedia Computer Science 220 (2023) 162–169 165
H. Fredriksson et al. / Procedia Computer Science 00 (2019) 000–000 3

The remainder of the paper is organized as follows. In Section 2 we present and discuss the proposed MMI.
Section 2 also includes a discussion of free-flow travel speed, and how the proposed index relates to the MI. An
empirical case study using high-resolution travel speed data acquired from GPS devices is provided in Section 3.
Finally, Section 4 provides concluding remarks and avenues for future research.

2. Median-Based Misery Index for Travel Time Reliability

2.1. Median-based Misery Index

The purpose of the proposed MMI is to quantify the difference between the relatively slow travel speeds and the
free-flow travel speed. The index can be used to detect road segments or routes with road network deficiencies, and it
may serve to support decision-making when prioritizing improvements or investments in transportation systems. The
index is inspired by the median absolute deviation (MAD), which is a statistical measure of the variability of a sample
data set [22]. For a univariate data set X = {X1, X2, . . . , Xn}, whose median is denoted by X̃, the MAD is defined as

MAD = median
(∣∣∣X̃ − Xi

∣∣∣) , i = 1, 2, . . . , n. (1)

The MAD is the median of the absolute values of the deviations from the median of the sample data set. In the
proposed index, the median of the deviations between the relatively slow travel speeds and the free-flow travel speed
is instead used. Hence, let X denote the set of relatively slow travel speeds during some period with respect to the
free-flow travel speed, denoted by Xfree. The proposed MMI is defined as

MMI = median
(

Xi − Xfree

Xfree

)
, i = 1, 2, . . . , n (2)

which is the median of the relative deviations from the relatively slow speeds and the free-flow travel speed. Note
the absence of the absolute value in Eq. (2). On the one hand, if MMI is small (and either positive or negative), then
the relatively slow travel speeds are close to the free-flow travel speed, which indicates that the traffic conditions are
satisfactory for road users who want to reach their destination as efficiently as possible. On the other hand, if MMI is
negative and closer to −1, then a non-trivial number of travel speeds are significantly slower than the free-flow travel
speed. This may indicate a deficiency related to capacity or the road design.

This research supports the use of percentiles to identify relatively slow travel speeds, where travel speed observa-
tions below a specified percentile value, e.g., the 20th-percentile or 25th-percentile, are relatively slow. The index in
Eq. (2) is defined in terms of travel speed; however, the index can also be defined in terms of travel time by considering
the relatively longest travel times and the free-flow travel time.

Many different methods exists to define the free-flow travel speed. For instance, the free-flow travel speed can
be expressed as “the mean speed of passenger cars under low to moderate flow rates that can be accommodated
on a uniform roadway under prevailing roadway and traffic conditions” or “the speed vehicles can travel under no
restrains during actual road conditions” [23, 24]. The free-flow travel speed can be measured during off-peak hours
of the day when the traffic flows are low or moderate. The posted speed limit of the road segment can also be used as
the free-flow travel speed.

2.2. Relation to the Misery Index

The MMI and MI both focus on the slowest travel speeds (trips with longest travel time). Using travel speeds, the
MI can be defined as

MI =
X20 − X

X
, (3)

where X20 is the mean travel speed for the slowest 20% of the trips and X is the overall mean travel speed [6]. Other
suggested percentages to use for the slowest trips are as low as 0.5% [13].

As previously discussed, measurements using the mean travel speed may give misleading results if the travel speeds
follow a skewed distribution. For demonstration, Fig. 1 and Fig. 2 show histograms of travel speeds from two example
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road segments where the travel speeds follow a symmetric and skewed distribution, respectively. The light-red shaded
region of the histogram shows the 20% slowest travel times. The vertical lines in the figures show the values of the
mean travel speed of the 20% slowest travel speeds X20, the mean travel speed X, and free-flow travel speed Xfree.
The vertical lines labeled α are the median values among the slowest 20% travel speeds. The width of the horizontal
lines is |α − Xfree| and |X20 − X| which is proportional to the absolute values of MMI and MI by the factors Xfree and
X. Given that the free-flow travel speed is 100 km/h for the road segments, the MI values are −0.13 and −0.14, and
the MMI values are −0.14 and −0.25 for the distributed travel speeds that are symmetrical and skewed, respectively.
Thus, the MI does not highlight that a large number of the travel speeds are below the free-flow travel speed in the
example shown in Fig. 2 because the difference between the two MI values is very small.

Fig. 1. Symmetrically distributed travel speed observations. The MI and MMI of the travel speed data set are −0.13 and −14.0 respectively. The
light-red shaded region shows the 20% slowest travel speed.

Fig. 2. Skewly distributed (positive) travel speed observations. The MI and MMI of the travel speed data set are −0.14 and −0.25 respectively. The
light-red shaded region shows the 20% slowest travel speed.

3. Empirical Study of Median-Based Misery Index

3.1. Scenario and Data Description

Travel speed data from the European route E4 between Gävle and Söderhamn in Sweden were used in the empirical
study. The 2+1 road studied had two lanes in one travel direction and one lane in the opposite travel direction,
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alternating every few kilometers. The road had a wire rope safety barrier to protect vehicles from the oncoming traffic.
A 2+1 road can serve as an alternative for two-lane roads when the traffic flow is insufficient to justify a four-lane
road, or as a safety countermeasure for two-lane highways [25, 26]. The length of the road was approximately 72
km and consisted of 82 road segments in each travel direction. The length of the road segments was, on average,
slightly below one kilometer. There were four different types of road segments along the studied road: (A) one-lane,
(B) two-lane, (C) two lanes that merged to a single lane, and (D) a single lane that split into two lanes. A diagram of
a 2+1 road is illustrated in Fig. 3.

B D A C B

A D B C A

Fig. 3. A diagram of a 2+1 road showing the transition from one lane to two lanes and vice versa. The arrows show the vehicle travel direction.

The travel speed data were obtained from the Stress database (provided by the Swedish Transport Administration
[Trafikverket]), and consisted of travel speed records with one-minute resolution during 2020 for each road segment.
The travel speed records were produced by a rolling mean over a five-minute period. This means that the computation
of the MMI is based on mean values rather than actual travel speeds of individual vehicles. Because there was only
one measurement per road segment, it was assumed that the travel speed was constant for the entire road segment. The
travel speed data were preprocessed by removing outliers from the data sample using the interquartile range (IQR)
method before finding the slowest travel speeds. The IQR is defined as the difference between the upper quartile, Q3
and the lower quartile Q1 of observations, i.e., IQR = Q3 −Q1, and the travel speeds that are lower than Q1 − 1.5IQR,
or higher than Q3 + 1.5IQR, are treated as outliers and are not included in the computations of the index [27]. When
computing the index, travel speed records from 07:00 to 18:00 were used, and the 20% slowest travel speeds were
considered relatively slow travel speeds. The posted speed limit was used as free-flow travel speed.

3.2. Results

The purpose of the index was to detect road segments where the difference between the slow travel speeds and the
free-flow travel speed was large. This may indicate the presence of road segment deficiencies which can be related to
the capacity of the road segment or to the design of the road. The studied road had 23 type-A road segments, 15 type-
B road segments, 23 type-C road segments, and 23 type-D road segments in each travel direction. Fig. 4 illustrates
how the MMI and MI vary over the individual road segments in the southbound and northbound travel directions,
respectively. The circle and asterisk markers show the road segments with the lowest and highest MMI. Table 1 shows
the min, max, mean, and median values of the MMI for the different types of road segments in each travel direction.
From Fig. 4 and Table 1 it is clear that MMI is in general slightly lower for one-lane road segments than for the
other types of road segments and that MMI decreases when the road transitions from two lanes to a single lane (the
MMI is higher on type-C road segments compared with their following type-A road segments). This behavior is not
captured by the MI and it may indicate that one-lane road segments have a negative influence on the travel speed and,
consequently, on the travel times along the road. A likely explanation for this is that the wire rope safety barrier renders
it impossible to overtake other vehicles on one-lane road segments. For instance, a heavy truck which is regulated to
travel at a maximum speed of 90 km/h on motorways and semi-motorways in Sweden, may force the other vehicles
to drive at the same travel speed or slower on a one-lane road segment.

To compare road segments with different values of MMI we, analyzed the two road segments with the lowest and
highest MMI in the southbound travel direction. The road segments are marked in Fig. 4 in the upper plot with a dot
(the first type-A road segment) in the beginning of the road and an asterisk (type-D road segment) toward to the end of
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slightly below one kilometer. There were four different types of road segments along the studied road: (A) one-lane,
(B) two-lane, (C) two lanes that merged to a single lane, and (D) a single lane that split into two lanes. A diagram of
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The travel speed data were obtained from the Stress database (provided by the Swedish Transport Administration
[Trafikverket]), and consisted of travel speed records with one-minute resolution during 2020 for each road segment.
The travel speed records were produced by a rolling mean over a five-minute period. This means that the computation
of the MMI is based on mean values rather than actual travel speeds of individual vehicles. Because there was only
one measurement per road segment, it was assumed that the travel speed was constant for the entire road segment. The
travel speed data were preprocessed by removing outliers from the data sample using the interquartile range (IQR)
method before finding the slowest travel speeds. The IQR is defined as the difference between the upper quartile, Q3
and the lower quartile Q1 of observations, i.e., IQR = Q3 −Q1, and the travel speeds that are lower than Q1 − 1.5IQR,
or higher than Q3 + 1.5IQR, are treated as outliers and are not included in the computations of the index [27]. When
computing the index, travel speed records from 07:00 to 18:00 were used, and the 20% slowest travel speeds were
considered relatively slow travel speeds. The posted speed limit was used as free-flow travel speed.

3.2. Results

The purpose of the index was to detect road segments where the difference between the slow travel speeds and the
free-flow travel speed was large. This may indicate the presence of road segment deficiencies which can be related to
the capacity of the road segment or to the design of the road. The studied road had 23 type-A road segments, 15 type-
B road segments, 23 type-C road segments, and 23 type-D road segments in each travel direction. Fig. 4 illustrates
how the MMI and MI vary over the individual road segments in the southbound and northbound travel directions,
respectively. The circle and asterisk markers show the road segments with the lowest and highest MMI. Table 1 shows
the min, max, mean, and median values of the MMI for the different types of road segments in each travel direction.
From Fig. 4 and Table 1 it is clear that MMI is in general slightly lower for one-lane road segments than for the
other types of road segments and that MMI decreases when the road transitions from two lanes to a single lane (the
MMI is higher on type-C road segments compared with their following type-A road segments). This behavior is not
captured by the MI and it may indicate that one-lane road segments have a negative influence on the travel speed and,
consequently, on the travel times along the road. A likely explanation for this is that the wire rope safety barrier renders
it impossible to overtake other vehicles on one-lane road segments. For instance, a heavy truck which is regulated to
travel at a maximum speed of 90 km/h on motorways and semi-motorways in Sweden, may force the other vehicles
to drive at the same travel speed or slower on a one-lane road segment.

To compare road segments with different values of MMI we, analyzed the two road segments with the lowest and
highest MMI in the southbound travel direction. The road segments are marked in Fig. 4 in the upper plot with a dot
(the first type-A road segment) in the beginning of the road and an asterisk (type-D road segment) toward to the end of
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Fig. 4. Plot illustrating how the MMI and MI vary over the individual road segments in the southbound and northbound travel directions. The
markers indicate the road segments with the lowest and highest MMI.

Table 1. Min, max, mean, and median values for MMI for all types of road segments in the southbound and northbound travel directions.

Road segment type Southbound travel direction Northbound travel direction

Min Max Mean Median Min Max Mean Median

A (one-lane road segment) −0.20 −0.13 −0.17 −0.16 −0.16 −0.13 −0.15 −0.15
B (two-lane road segment) −0.15 −0.11 −0.13 −0.13 −0.18 −0.08 −0.11 −0.11
C (merge of two lanes) −0.18 −0.10 −0.15 −0.15 −0.16 −0.1 −0.12 −0.11
D (split into two lanes) −0.16 −0.10 −0.13 −0.13 −0.16 −0.1 −0.13 −0.13

the road. Fig. 5 and Fig. 6 show the histograms of travel speeds for the two road segments where the light-red shaded
regions show the 20% slowest travel times

The posted speed limit of both road segments is 100 km/h. As the 20% slowest travel speed ranged from 60 to 85
km/h for road segment A, and from 76 to 93 km/h for road segment D, it is reasonable to postulate that the traffic state
is worse along the one-lane segment. This is also indicated by the MMI for the road segments (−0.20 against −0.10).
Thus, the index conveys that the performance of the road is improved when the slow travel speeds are closer to the
free-flow travel speed.

Furthermore, it can be seen in Fig. 4 that not all sequences of one-lane road segments have an MMI as low as
−0.20. This indicates that these road segments of the lowest MMI should be investigated further as being probable
bottlenecks. The MMI can thus be used to single out the segments that require the most improvements. By detecting
and eliminating road network deficiencies the travel times can be improved for all road users traveling along the road.

4. Conclusions and Avenues for Future Research

Travel time reliability is an important indicator of the performance of a transportation network, and it plays an
important role for road users in particular and for society in general. This paper presented a MMI to assess the
performance of the road segments. The proposed index measures the difference between the relatively slow travel
speeds and the free-flow travel speed. In other words, the index provides a measure of “how slow are the worst
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Fig. 5. Histogram of travel speeds from a one-lane road segment with MMI −0.20. The light-red shaded region shows the 20% slowest travel speed.

Fig. 6. Histogram of travel speeds from a road segment where one lane splits into two lanes with MMI −0.10. The light-red shaded region shows
the 20% slowest travel speed.

trips compared to the free-flow travel speed?”. The index is robust and efficient to compute, and is inspired by the
median absolute value. In the empirical case study, where we used travel speed data from a road in Sweden, the index
highlighted road segments with potential road network deficiencies. The results also demonstrated that one-lane road
segments may affect travel times negatively. Future research may include how the index can be used to inform road
users in real time about the prevailing conditions along their trip or to study how MMI varies over time to identify
peak periods and obtain further important insights into the traffic state. A third avenue of potential future research is
to investigate the correlation between the traffic flows and our the index proposed in this research.
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the 20% slowest travel speed.
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