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Abstract

Understanding transit service reliability is essential for agencies to improve their operations and passenger experiences. Transit
travel times that follow mixture distributions would create an additional layer of uncertainty when studying transit reliability. This
paper tries to identify segments where transit travel times follow mixture distributions at different analysis levels, namely stop pair
level, route timepoint level, and service pattern level. We then identify potential factors related to them. Hartigans’ Dip Test is
applied to archived transit vehicle location data from Montreal to explore the presence of mixture distributions. The results contain
mixture distributions at three analysis levels, and the proportion of mixture distributions varies temporally and spatially. Then we
test several classification models to identify the potential factors that affect transit travel time distributions, where we found demand
variations, traffic lights, service frequency, and segment lengths have a larger effect on the results. The findings will help transit
planners to later pinpoint the issues causing transit travel time variations on each segment, then create strategies to reduce the transit
travel time variations thus improving the reliability of our transit system.

© 2024 The Authors. Published by ELSEVIER B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 16th World Conference on Transport Research
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1. Introduction

Many transit agencies and planners have been trying to improve their service reliability, which is important for
both agency operations and passenger experiences. From the agencies’ perspective, unreliable services affect the
operator and vehicle scheduling. Planners need to add additional schedule padding times or layover times to account
for the unreliability, which increases the operating costs (Danaher et al., 2020). Missing a layover due to unreliability

* Corresponding author Tel.: +1-514-340-4711.
E-mail address: yuxuan.wang @polymtl.ca

2352-1465 © 2024 The Authors. Published by ELSEVIER B.V.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-ne-nd/4.0)
Peer-review under responsibility of the scientific committee of the 16th World Conference on Transport Research
10.1016/j.trpro.2024.12.055



Yuxuan Wang et al. / Transportation Research Procedia 82 (2025) 460-480 461

could increase operators’ dissatisfaction causing operator retention issues and delays propagating further downstream
(Danaher et al., 2020). From the passengers’ perspective, unreliable services are less attractive, therefore affecting
the passengers’ satisfaction and mode choices (Carrel et al., 2013). Some surveys pointed out that passengers value
service reliability more than service frequency and travel times (Balcombe et al., 2004; Daskalakis and Stathopoulos,
2008; Chen et al., 2003; Perk et al., 2008).

There are many works looking into the variability of transit travel times, which is important in many aspects of
transit planning and operations such as scheduling (Trépanier et al., 2009), vehicle arrival time prediction (Chen
et al., 2022), transfer coordinations (Bhaskar et al., 2017), and passenger experience evaluation (Ma et al., 2014).
Several pieces of literature have observed that transit travel time distributions might follow a mixture distribution
(Kieu et al., 2015; Ma et al., 2014; Wang, 2020). A mixture travel time distribution can be considered as several
different underlying travel conditions happening with different probabilities. In other words, we first select one travel
condition from a collection of travel conditions with different probabilities, then we observe the travel time value from
the selected travel condition random variable.

Travel times following mixture distributions create more difficulties for agencies to provide consistent service,
since multimodal distributions imply several different underlying travel time distributions at once. They can also
cause inconsistencies in passenger experiences or when predicting the arrival times for passenger information. Thus,
it is important to better understand the segments with travel times following mixture distributions.

This paper aims to build upon the previous literature and provide additional analyses on mixture travel time distribu-
tions for agencies to consider when planning and improving their services. We first propose to identify the systemwide
presence of mixture transit travel time distributions, which would help provide more detailed information on when
and where mixture distributions occur to focus the attention of transit service planners.

Here, we use 1.5 years of archived transit vehicle location data from Montreal, Canada as a case study to test for
mixture travel time distributions. We focus on three analysis levels, namely, (1) stop pair level, (2) route timepoint
level, and (3) service pattern level. Analyzing the travel time of a given service pattern, i.e. the travel time from one
terminal to another, is important for agencies to schedule vehicle and operator duties. Since there may be multiple
service patterns on the same route, such as short turns, and they may have different numbers of stops and ridership
characteristics, we will analyze them separately. Most transit agencies in North America develop and evaluate their
schedules at timepoint levels, and then interpolate the timepoint to timepoint travel times to produce the stop level
arrival times. Thus, we aim to understand the distribution of travel times at both timepoint and stop levels, to help
agencies improve their schedule accuracy and service consistency.

Additionally, we provide new insights for agencies to consider when improving their existing services, by identi-
fying potential factors that relate to these mixture travel time distributions. We use additional built environment and
operational attributes as inputs to fit several classification models. The classification models will help agencies to
target their resources when implementing or evaluating transit preferential measures like dedicated lanes and signal
priorities. By identifying the related factors, agencies can then “nudge” the higher travel time conditions to a lower
condition, thus reducing the number of underlying travel conditions and improving travel times for passengers.

The structure of this paper is roughly summarized as the following. We provide additional research contexts in
section 2. The research framework, data sources, and overview of our methodology are provided in section 3. Section
4 shows the descriptive statistics and results on mixture transit travel time distributions. Section 5 details the factors
related to mixture travel time distributions. Finally, we conclude this article in section 6.

2. Literature Review

In this section, we quickly identify the definitions for transit travel time reliability, the commonly used analysis
scales, as well as the previous studies specifically on transit travel time distribution.

A quick literature review shows that there is no standard definition of transit travel time reliability since it relates
to multiple points of view, such as passenger and agency points of view (Kittelson and Associates et al., 2013).

Although there is no standard definition of transit reliability, most agencies and literature define transit reliability
as the variability that affects the agency’s or passenger’s decision-making (Abkowitz et al., 1978), ability to adhere to
the planned service schedule or headway (Turnquist et al., 1980), and have consistent service deliveries (Strathman
et al., 1999). The terms consistent and variation used by these definitions imply that service performance should be
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measured over a period of time. Thus, the distribution of travel times can help create an overview of transit travel time
reliability.

2.1. Analysis scales and factors of transit travel time reliability

To evaluate transit services over a period of time, we need to first identify the analysis time scales. These temporal
scales are summarized by Noland and Polak (2002) as the following:

e Vehicle-to-vehicle variability is the travel time variation between different trips operating on the same segment
at the same time of the day period. Traffic signals and operator preferences typically cause the variations.

e Period-to-period variability is the travel time variation between different trips operating on the same segment
at different times of the day periods. The variations are typically caused by the variation of congestion levels,
demand variations, weather conditions, as well as the potential occurrence of traffic incidents.

e Day-to-day variation is the travel time variation of the same trip made on different days. The variations are
typically caused by the variations of traffic levels, demand, operator preferences, weather conditions, and the
potential occurrence of traffic incidents.

As for spatial scales, the literature and agencies typically focus on the following levels for travel time variations,
namely the route, trip, timepoint, and stop levels (Danaher et al., 2020). For route and trip levels, agencies typically
use travel times and travel time variations in scheduling, improving the on-time performance, meeting layover times
laid out in the labor agreements, and assigning vehicle and operator resources (Danaher et al., 2020).

In practice, even though transit schedules are typically revised multiple times a year, travel times are revised less
frequently at the timepoint level and then interpolated to the stop level for passenger information in North America
(Coleman et al., 2018). Schedule controls, such as holdings, are also typically done at the timepoints. Whereas, in
Europe, some agencies would consider every stop as a timepoint to avoid large schedule deviations (Muller and Furth,
2001).

Since the goal of our study is to help agencies to improve the existing services as well as passenger experience,
we will focus mainly on the vehicle-to-vehicle and day-to-day variation of the same stop pair segment, timepoint pair
segment, and service pattern levels.

2.2. Studies on transit travel time distributions

To reiterate, transit travel time distributions can provides key statistics for analyzing service reliability, exploring
causes of service unreliability, and adjusting service schedules (Mazloumi et al., 2010). The travel time distributions
are also an important input for transit simulation models, such as transfer simulations (Bhaskar et al., 2017).

Previous literature has attempted to fit transit travel times to different parametric distributions. Abkowitz and En-
gelstein (1984) showed that travel times follow a symmetrical distribution. However, Mazloumi et al. (2010) then
showed that travel times could also follow skewed distributions, such as lognormal or gamma distributions.

More recent literature (Ma et al., 2014; Kieu et al., 2015; Wang, 2020) has also observed mixture distributions.
Kieu et al. (2015) fitted corridor level travel times using several parametric distribution models. Skewed distributions,
such as log-normal distribution, fit the best, while some limited number of trips show bimodal mixture distribution.
Similarly, Ma et al. (2014) fitted travel times on several route segments and showed that the multimodal distribution
of bus running times can be estimated by using the mixture model.

Since mixture distribution represents several unimodal distributions weighted with different probabilities, the pos-
sible explanation provided by Ma et al. (2014) is that there exist mixed travel time patterns related to underlying traffic
conditions. For bus travel time, the multimodal distribution can be related to different operation characteristics, such
as free-flow operation patterns in the early morning and congested operation patterns during peak hours. However,
they did not discuss more detailed causes.

One thing to note here is that, as data becomes more precise and the analysis scale becomes smaller, we can now
observe more detailed variations in transit travel times. The more aggregated view provided by previous literature
could hide the detailed variations that operators and passengers experience. There is still some research needed to
determine the shapes of travel time distributions, and the cause for mixture distributions in more detail.



Yuxuan Wang et al. / Transportation Research Procedia 82 (2025) 460-480 463

; l | OpenStreetMap

Extract recorded segment travel time

Montreal Open

Data

‘ A 4

Hartigans' Dip Test to identify mixture [, Classify whether travel times on a given
transit travel time distribution segment follow mixture distribution.

Environmental and operational
factors correlated to
mixture travel time distributions

Description statistics
mixture travel time distribution

Fig. 1. Research Framework

3. Research Framework and Methodology

As mentioned in the literature review section, most of the cited literature only focuses on a few routes or one
transit corridor. In addition, previous research have observed the presence of mixture distributions in transit travel
times. However, they did not provide additional information on the factors related to the presence of these mixture
distributions.

We propose to address these limitations by producing systemwide summary statistics regarding the presence of
mixture travel time distributions at different analysis levels to help agencies better understand transit reliability. Again,
our goal is to help agencies focus their resources and improve their existing services and develop more precise sched-
ules for passengers and operations in the future.

In this section, we provide a high-level overview of our analysis, data source, and methodology, so that other
agencies or researchers could build on top of this article. Here, we use the data from Montreal as a case study to
illustrate these analysis steps. The overall research framework and steps are shown in Figure 1 and expained here
after.

More specifically, the first step of the research involves merging the GTFS and GTFS Real Time data to extract
travel times at different levels, namely the stop pair level, route timepoint pair level, and route service pattern level.
Then, we use the Hartigans’ Dip Test (Hartigan and Hartigan, 1985) to identify mixture transit travel time distributions
at these different analysis scales. We then aggregate the results to provide descriptive statistics related to mixture travel
time distributions.

The second part of the research is to identify factors that relate to the presence of mixture transit travel time
distributions. We aim to provide more information regarding the shape of transit travel time distributions, which could
be used by future research to further infer the cause of transit unreliability. To achieve this, we propose to develop a
classification model on the shape of transit travel time distribution, using the available open datasets on Openstreetmap
and the City’s open data. More information on the datasets is detailed below.

3.1. Data Sources

This paper focuses on the bus system on the island of Montréal, Québec, Canada, operated by Société de transport
de Montréal (STM). The bus system involves 224 bus lines, 2006 buses, approximately 17,000 bus trips on average
weekdays, and 439 kilometers of bus lanes. STM publishes its schedules in GTFS format, which is a standard data
format used to distribute transit timetable data to various passenger trip planning softwares. To improve passenger
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information, STM also implemented a real time information system iBus, which records the bus arrival and departure
times. Using 1.5 years of archived data from STM, from May Ist, 2021 to October 24, 2022, we calculate stop pair,
route timepoint pair, and route service pattern travel times for STM’s bus services.

More specifically, we aggregate all stop pair travel time data without considering the route differences, since their
built environment and operational characteristics are the same. However, for a given timepoint pair or a terminus pair,
the built environment and operational characteristics could differ. There might be a local route operating alongside an
express route, or routes may not operate on the same street. Thus, we split the dataset into different routes for higher
level analyses.

For modeling, we add factors mostly related to the physical environments and operational characteristics of a given
segment. This involves adding street information from OpenStreetMap, which is an open crowdsourced database of
the physical attributes of the streets. We mainly use Openstreetmap to calculate the number of turns, speed limits,
and street configurations for the classification models. However, due to the crowdsourced nature of Openstreetmap,
some sectors have less available data. We use the data provided by the city as a supplement to OpenStreetMap. More
detailed variable descriptions are available in section 5.

3.2. Hartigans’ Dip Test

In this section, we provide a quick overview of the methodology for the first analysis in our framework, identifying
the segments with mixture travel time distributions.

To model transit travel times, we can consider the transit travel times on a given segment as a random variable with
a continuous distribution following a specific probability density function. However, the underlying distribution might
not be directly observable. In this case, we can use samples of observed travel time data to estimate the underlying
probability density function.

Previous studies, such as Ma et al. (2014), uses parametric distributions. Using parametric distributions requires
prior knowledge or assumptions regarding the shape of the distributions. In the parametric approach to estimating the
probability density function, one has to assume that the data were sampled from a given distribution. However, as
previous literature pointed out, there are many parametric distributions that could be used to fit our dataset (Mazloumi
et al., 2010). Fitting a mixture distribution would also require a specific number of underlying distributions as input.
However, these required inputs are not necessarily known by planners or researchers beforehand.

We have also identified a few non-parametric tests for the presence of multimodality so that we don’t need the
number of underlying distributions as an input. Ameijeiras-Alonso et al. (2019) provided a comparison among several
commonly used tests. They found older models, such as the Hartigans’ dip test, tend to perform more conservatively
than the more modern proposals. The previous research results using various parametric distributions have shown that
the number of modes in observed travel times or travel speeds could be as high as five (Du et al., 2017). Since a higher
number of underlying distributions relates to different travel conditions, it would make the planning process harder for
planners to manage. Thus, we decided to act more conservatively for our methodology. Nevertheless, future research
could build on top of our research and examine the cases with a higher number of underlying distributions.

In our study, we selected a commonly used non-parametric test, Hartigans’ dip test, to check the multimodality
proposed by Hartigan and Hartigan (1985). The idea is to find the “dip” in a given probability density function.
If a distribution is a unimodal distribution, the probability density function would increase up until the mode, then
decrease. Since there is no upper bound for probability density functions, we can translate probability density functions
to cumulative density functions, which are bounded between 0 and 1. The cumulative distribution functions would
be convex up until the mode then concave greater than the mode. If a distribution follows a mixture distribution,
the probability density function would have a region where the density decreases and then increases. The dips in
probability density functions would make the shape of cumulative density functions switch between convex and
concave several times.

In short, the dip test constructs a unimodal cumulative density function that minimizes the difference from the
empirical cumulative density distribution of the given dataset. Then, we find the dip statistic, which is the largest
difference between the estimated constructed cumulative density distribution and the empirical cumulative density
distribution. Intuitively, A larger difference indicates that the data is more likely to have multiple modes.

More specifically, the test constructs the unimodal distribution function by analyzing all possible modal intervals
(XLowerBound> XUpperBound)- Then, for each interval, it calculates the greatest convex minorant in the interval (—oo, x;)
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and the least concave majorant in the interval (x;, o). The best-fitted unimodal cumulative density function is chosen
as the one with the least difference from the empirical cumulative density function. Using this best-fitted unimodal
cumulative density function and its difference with the empirical cumulative density function, we can then calculate
the probability of dips less than a given threshold, such as a p-value less than 0.05 in our case.

3.3. Overview of Classification Methods

Based on the observations from the descriptive statistics shown in later sections, we want to include a few simple
and well-known models that cover a wide variety. Since the spatial and temporal variations tend to be non-linear, we
hypothesize that non-linear methods would perform better to classify the segments. In addition, we also hypothesize
that similar segments would behave similarly. Thus, we decided to include examples of both linear and non-linear
models, as well as models based on similarity for comparison. This allows us to determine which method works better
in classifying whether travel times on a given segment follow mixture distributions or not. The classification methods
included here are Logistics Regression, Classification Tree, Random Forest, and K-Nearest-Neighbour. There are
other methods in the aforementioned categories, and evaluating their performances can be left for future works. In this
section, we provide a quick summary of the advantages and the prediction process of each method. The description of
input variables is detailed in section 5.

1. We choose logistics regression due to its linear nature and its ability to allow us to interpret various coefficients
(Hosmer Jr et al., 2013). Logistic regression predicts whether the outcome is true or false, instead of a continuous
outcome typically used in linear regression. Logistics regression tries to fit a logistics distribution line between
the data points of two categories. The logistic function is bounded between 0 and 1, and it tells us the probability
of a positive outcome. If the probability of a positive outcome is greater than 50%, we then classify it as positive.
We then select the best-fitted curve based on the maximum likelihood.

2. The reason for us to choose a decision tree to classify the shapes of transit travel time distributions is due to its
non-parametric and non-linear nature (Quinlan, 1987). It is an algorithm that recursively generates a set of binary
split rules to best split the dataset into the given categories. The algorithm examines each predictor and possible
split values by calculating the Gini’s impurity index in our case to determine the best split point. To predict a
given data point, the algorithm simply follows these split rules from the root of the tree to the leaves of the tree.

3. We recognize that by combining multiple decision trees, we could potentially achieve better classification results.
This method is the random forests method proposed by Ho (1995). The drawback of this method, however, is
that it does not allow easy interpretation due to it involving multiple decision trees. The basic idea is to generate
multiple decision trees using various subsets of the data sample and various subsets of sample variables. To
predict a new data point, the algorithm will follow the split rules of all the decision trees, then use the majority
outcome class as the final output.

4. The K-Nearest-Neighbour is a another simple classification method, which predicts the outcome by looking at the
known category of similar data points (Cover and Hart, 1967). The distance between each data point is typically
calculated as the Euclidean distance. In addition, we also put a weight on each neighbour based on the distance,
where the nearest neighbour has more weight than the others. Then, we select the nearest neighbours and use
their weighted outcome class as the final output.

4. Identify Segments with Mixture Distributions

In this section, we demonstrate the clear presence and some descriptive statistics of mixture travel time distribu-
tions. Generally, the results agree with the previous research efforts, and we provide examples of mixture distributions
at all three analysis levels. In addition, we also show some spatial and temporal descriptions of the mixture distribu-
tions in the following subsections.

4.1. Examples of Mixture Distributions in Transit Travel Time

Travel time distribution can be multimodal at multiple aggregation levels. We have observed mixture distributions
in all three levels. To reiterate, our focus is on stop pair, route timepoint pair, as well as route service pattern levels. In
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between May 1, 2021 and Oct 24, 2022)

addition, previous research has mainly focused on mixture distributions with two underlying components. However,
we were able to observe mixture distributions with more components.

In this section, we use route 51 as an example. The 11.3-kilometer route mainly runs through residential neighbor-
hoods and many schools. It has 50 stops, 48 traffic lights along the way, and it operates on the main transportation
corridors. We include a route map (Figure 2) to help the readers conceptualize the route. In our examples, we focus
mainly on the section near the University of Montreal campus, which is located on the right half of the diagram.

Mixture distributions can be observed when analyzing a service pattern. Figure 3 is an example taken from all trips
on weekdays eastbound Line 51 between 11 AM and 12 PM. On the route map (Figure 2), a given vehicle would
travel from left to right. The sample contains 2900 observations. In the figure, we can observe two distinct modes in
the distribution, at 2920 seconds, and 3195 seconds. The scheduled travel time, 3060 seconds, corresponds to 55th
percentile of observed travel times.

The difference between the two modes is 275 seconds, roughly 4.5 minutes. This large difference again highlights
the future research needs to pinpoint the causes for these mixture travel time distributions with more detailed data.
There are various day-to-day and trip-to-trip factors that could explain the differences, such as operator preferences,
road works, and the number of traffic signals encountered by each trip. Since our data collection started during the pan-
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demic, there could also be period-to-period variations that cause the mixture distribution, such as ridership variation
and congestion variation.

Next, we analyze the travel time data at timepoint scale, and we can still observe mixture distributions. Figure 4 is
an example of a mixture distribution with two underlying distributions. The travel times samples are again aggregated
from all trips on weekday eastbound Route 51 between 5 PM and 6 PM between timepoint Decelles / Jean-Brillant
and timepoint Station Edouard-Montpetit. On the route map (Figure 2), a given vehicle would travel from left to right
between the two timepoints near the center of the map.

This timepoint pair segment is roughly 1650 meters long, with 8 stops along the way. It runs through a university
area and a residential area. There are five traffic signals between the first and the last stop on this segment.

The sample contains 2100 observations. In the figure, we can observe two distinct modes in the distribution, at 427
seconds, and 519 seconds. The scheduled travel time, 420 seconds or 7 minutes, corresponds to 28th percentile of
observed travel times.

The difference between the two modes is 92 seconds. This is similar to one or two traffic light cycles, which
suggests that some trips encounter fewer red lights than others. The potential explanations could be linked traffic
lights, where some trips encounter a less ideal cycle. Another potential explanation is due to operator preferences,
where some operators might rush through yellow lights and some others might not.

Figure 5 is an example of a mixture distribution at stop pair segment level with three modes. The travel times
samples are aggregated from all trips on weekday eastbound Route 51 between 5 PM and 6 PM between stop Decelles
/ Jean-Brillant and stop Decelles / Edouard-Montpetit. On the route map (Figure 2), a given vehicle would travel up
one stop, from the said timepoint.

This stop segment is roughly 250 meters long. It starts near a university building and runs through a residential
area. Since the stops are on the near side, there is one traffic signal right after the first stop, one traffic signal in between
two stops, and one traffic signal right after the end of this segment.

The sample contains 2100 observations. From the figure, there are three modes, at 37 seconds, 91 seconds, and 161
seconds. The scheduled travel time, 67 seconds, corresponds to 21th percentile in the estimated distribution. In other
words, only 21 percent of the trips could travel faster than the interpolated travel time.
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The difference between the first two modes is 54 seconds, and the differences between the last two modes are
70 seconds. Unfortunately, without more detailed traffic light setting data or passenger data, it is hard to say what
contributed to the differences.

Based on the differences and the surrounding environment, an educated guess is that buses could have issues
clearing these signals, assuming passenger arrivals follow Poisson distribution due to the high service frequency with
headways less than 10 minutes. The number of underlying travel time distributions could relate to the traffic signal
states. We will explore more potential factors in section 5.

As we can observe from this section, there is a lot of potentials for agencies to reduce the travel time variance for
passengers, increase service reliability, as well as allowing operators to have more layover times to rest and prepare for
the next trip. If the travel time savings is large enough, the agency could potentially save one unit from this line, thus
saving operating costs. Again, there are further research needs to identify the causes for the slower travel condition and
identify methods to “nudge” the travel times under the slower travel condition into the faster distribution components.

4.2. Temporal Statistics

To better understand the temporal variations of segments with travel times following mixture distributions, we
aggregated the results by the time of the day and the day of the week attributes. For the time of the day, we aggregated
the results by the hour. For the day of the week, we aggregated the results by Weekday, Saturday, and Sunday services,
which corresponds to the published schedule. Due to the low service frequency and the small sample of night buses,
we excluded them from the figure, since a small chaonge could lead to a large variation in terms of percentages.

The service pattern level variations are shown in Figure 6. To reiterate, there could be multiple service patterns
on each route that has different demand or operational characteristics, such as short-turns. Thus, we aggregated the
data based on individual service patterns which would help the agencies plan their services. Here, each data point
corresponds to the percent of service pattern travel times that follow mixture distributions. For example, in the figure,
the first red data point shows that there are 46% service pattern travel times that follow mixture distributions on
weekdays between 4 and 5 AM.
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In the figure, we can see a fluctuation in the percentage of segments that follow mixture distributions. Interestingly,
the mixture distributions contribute to a less proportion during weekday rush hours. Although the number of service
pattern travel times that follow mixture distributions is higher, there are more unimodal rush hour-only service patterns
being added. This is somewhat counterintuitive since peak hours might have more variation in travel conditions. One
hypothesis could be that the large variance in travel times makes the modes harder to separate. Another hypothesis
could be that the additional service patterns added during rush hours are more consistent than the all-day service
patterns.

The variation in mixture travel time distributions between route timepoint pairs is shown in Figure 7. Again, there
could be multiple routes running between two timepoints, such as local and express routes. Since they may have
different numbers of stops, we aggregate them separately. The first red data point shows that there are 37% route
timepoint pair travel times that follow mixture distributions on weekdays between 4 and 5 AM.
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Fig. 6. Temporal variations of Mixture Transit Travel Time Distribution at Service Pattern Level (STM data between May 1, 2021 and Oct 24,
2022)

45 %
40 %
35%
30%
25%
20% ;: _\- K
15%
10 %
5%
0%

Percent Mixture Distribution

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Hour of the Day
—\Weekday =——Saturday =Sunday

Fig. 7. Temporal variations of Mixture Transit Travel Time Distribution at Route Timepoint Level (STM data between May 1, 2021 and Oct 24,
2022)
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Fig. 8. Temporal variations of Mixture Transit Travel Time Distribution at Stop Pairs Level (STM data between May 1, 2021 and Oct 24, 2022)

Here, we can observe a more stable trend compared to the route level, possibly due to a larger sample size, since
there are multiple timepoints on one route. However, there are differences compared to the service pattern travel times.
Mixture distributions contribute to a larger proportion in the evening peak, but a smaller proportion during the morning
peak.

Similarly, the stop pair level variations are shown in Figure 8. Since there is usually only one way to travel between
two given stops, we are not separating the data by route here. The first red data point shows that there are 33% stop
pair travel times that follow mixture distributions on weekdays between 4 and 5 AM.

We can observe that stop pair level mixture distributions are also quite stable. However, unlike, the timepoint level
and route level observations, there are two small increases in the percentage of mixture distributions around peak
hours and lunch hours. Similar differences regarding the peak hours at different analysis levels can also be observed
for weekend services. The proportion of mixture distributions gradually increase until the afternoon peak for the stop
pair level, whereas the other two levels stay relatively stable. It could be interesting to further investigate the observed
differences during rush hours between these three analysis levels.

For all three levels, Saturday and Sunday travel times have roughly half the percentage that follows mixture distri-
butions compared to weekday services. This could be due to the smaller data sample on each segment. Based on the
types of services, weekday services have five times more data compared to weekend services by definition. Weekend
services may only have 70 to 100 data points in a given segment. Therefore, there may not be enough data points to
increase the power of our statistical tests. This behavior could also be due to the general reduction in travel demand
and congestion during the weekends.

4.3. Spatial Distribution

After examining the proportion of segments following mixture travel times distributions, we mapped these seg-
ments on a map to determine where the mixture distributions exist in the system.

To demonstrate the concept, Figure 9 shows the travel time distribution of each scheduled segment on Weekdays
at 7 AM, where green segments do not follow mixture distribution and red segments follow mixture distribution. Due
to the limitation in picture sizes, it is hard to demonstrate the inbound and outbound segments here on the map. In
reality, planners could zoom in using their geographic information systems to get a better view.

To help the readers of this article, we include a more aggregated view by neighbourhoods (Figure 10) to demon-
strate the geographical variation. Here, we show the percentage of segments with mixture distributions in a given
neighbourhood. More specifically, the red neighbourhoods correspond to more than 35% of the segments following



Yuxuan Wang et al. / Transportation Research Procedia 82 (2025) 460-480 471

{lgay
g
ile Saint-Joseph fle du Mftan
Blainville FES f [archipel
. ! q'Hochelaga
Lorraine [S
. . . . < |
Mixture Dist. — fle de Pigsre =T
’ LEAY
‘-’ \
~L/ !
. - R 17
Not Mixture Dist. Rosemére Mol Est
Boisbriand Iledela
Commune
fle Sainte
Marguerite
Laval
Saint-Eustache
’
N s
Saint-Joseph-du-Lac Deux-Montagnes ‘ X\
ile Roussin & ,(‘ " Sy *., 5
B i 7 S 1i1g, inte-Héléne
fle Ropde Ile aux Chats v & ~l ,.:‘ ltﬁo ’ ' ft\
. \y N\ X7/ (“. L
Pointe-Calumet A / X "L - ~‘ (O M Ll
Ile Bizarg¢ 4 ( o “ D / yv" e o
¥ 20llanged, A\ ¢ 7 4 .
satake N \ JO ?5,’& 7 :“) S STy A/
L A ) Cote- \WL‘ O /.~
Y ¥ Ve V\r— (S?Z " .
Oka > s A L% I/ :/\;// T
o’ A n Naisd 7 4 LﬂlF eSceurs |
La Barque s K: ‘Pa‘ntl, Qajsg --'\' (AR N Montrcu'\’ st / 1-'7.1-} Brossard
7 s Dol . <
AN 7 S PSRA 7 )
> — { ~
i , - A
e aux R Y &
Tourtes B it m‘ Kahnawa:ke P La Prairie
Ile Dowker . o
1zare Vaudreuil-Dorion Ville de a ’ Sainte-Catherine
it Ile Saint-Bernar
L'Ile-Perrot i
:—m—:,:— Saint-Constant
0 10 km 20 km

Fig. 9. Locations of Stop Level Mixture Transit Travel Time for Weekdays at 7 AM

mixture distributions, orange neighbourhoods correspond to 20% to 35%, and green neighbourhoods correspond to
less than 20% percent.

From the two graphs, we can observe that the city’s near east side (or geographically the northeastern side) has more
segments that follow mixture distributions. Segments near major transportation corridors, also have more mixture
distributions. These areas tend to have higher population densities with more transit demand, as shown by the density
of transit segments as well. The streetscapes tend to be less car-friendly, with short blocks and traffic lights within
short distances. This might create more variations in travel times.

More suburban areas, such as the west island, have fewer mixture distributions. This is also expected, since these
areas tend to have less transit demand and more car-oriented streets. These segments tend to have wide streets, with
longer block distances. Therefore, we hypothesize that population density, land use, and streetscapes could also influ-
ence the shape of travel time distributions.

The observations are similar for all three analysis levels. For simplicity, we are not repeating the same observations
for all three levels in this section.

5. Variables Related to Mixture Transit Travel Time Distributions

After identifying these unimodally and multimodally distributed segments, we combine them with other open data
sources, such as OpenStreetMap and the city’s open data to identify some systemwide factors contributing to mixture
travel time distributions. To reiterate, we hypothesize that the ridership variation, population density, traffic signals,
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Fig. 10. Percent Timepoint Pair Segment Length Following Mixture Distributions in each Neighbourhood for Weekdays at 7 AM

and streetscapes could influence the shape of travel time distributions. We propose to develop a few classification
models to identify the influence of these factors.

Although we have observed segments with three or more underlying distributions, the sample size with more than
two underlying components is relatively small. Due to the unbalanced data size, the classification methods are less
accurate for these categories. For example, the models could simply ignore these small samples and still achieve high
accuracy. Therefore, we set the outcome variable to either true, if a segment follows a mixture distribution, or false,
otherwise.

5.1. Variables Used in Classification Models

Based on the literature review and the observation from the descriptive statistics, we selects a few operational
and built environment-related variables as inputs for our classification model to classify whether a segment follows
mixture distribution or not at a given service type and time of the day. We briefly explain these variables in this section.

e Service type. This is a series of binary variables that identify the service type. We included three service types,
weekdays, Saturdays, and Sundays. In the models, we consider weekdays as a base case, and include one binary
variable ”Saturday” and one binary variable ”Sunday”.

o Time of the day. This is a series of binary variables that identify the time of the day. Due to the non-linear
nature of time variables, where the time would cycle back from hour 23 to hour 0 at midnight. For simplicity,
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we include a few binary variables for time of the day categories, namely “Early AM”, ”AM Peak”, ”PM Peak”,
“Evening”, "Late Night”. We consider midday hours as a base case.

e Service frequency. Since most STM schedules do not use clock-faced headways, we use the average scheduled
service frequency during the study period. The unit for this variable is transit unit per hour.

e Number of stops. The number of stops between two timepoints on a given route or along a service pattern. This
variable is only applicable to the route timepoint pairs and service pattern levels.

e Number of streets. This variable is calculated from OpenStreetMap, where we match the shape of the segment
to the street network. We hypothesize that when transit vehicles make turns, transit vehicles could be affected
by other traffic or traffic signals. Therefore, it could potentially affect the shape of travel time distributions.

e Number of Lights. The number of traffic lights along a given segment. This variable is obtained from Open-
StreetMap and the city’s open data. Since most of the STM stops are at the near side of the intersection, we also
include the traffic light right after the end stop of a given segment if there is one. Our reasoning is that, due to
heavy traffic, buses might have to wait for a traffic light cycle before they can get to the stop at the end of the
segment, thus affecting the travel time distributions.

e Number of lanes. This variable is average number of lanes of a given segment, calculated from OpenStreetMap.

e Speed limit. This variable is the average speed limit on a given segment, mainly obtained from OpenstreetMap.
In case there is no speed limit information, we use the default speed limit according to the city ordinances. Please
note that not everyone strictly follows the legal speed limit. Some suburban streetscapes could encourage drivers
to drive faster than the legal limit.

e Bus lane. This variable is the percentage of bus lanes in operation on a given segment, calculated from Open-
StreetMap and data provided by the agency. The variable is set only if the reserved lane is in operation, if the
reserved bus lanes are not in operation, the variable is set to 0.

e Oneway. This variable indicates the percentage of oneway streets or streets with medians separating different
directions on a given segment, calculated from OpenStreetMap.

e Population density. This variable is the average population density in the census tracts within 500 meters of the
given segment, obtained from the census data from Statistics Canada.

o Lengths. This is a series of variables that show the length of different street classifications on a given segment.
The data is obtained from the city’s open data.

e Land use. This is a series of variables that show the proportion of land uses within 500 meters of the given
segment. The data is obtained from the city’s open data.

e Vehicle Load. This variable is calculated from the vehicle location data. We included both the average and the
standard deviation of this variable. Passengers might take more time to board and alight the vehicle if the vehicle
is crowded, thus might affect the travel times of the vehicle.

o Delays. This variable is calculated from the vehicle location data. We included both the average and the standard
deviation of this variable. Since delays might affect how operators behave or react to certain traffic situations,
we hypothesize that they could affect the shape of the travel time distributions as well.

e Percent Boarding. This variable is inferred from the vehicle location data. For our case, buses will only stop if
there is someone waiting at the stop, or someone request to get off. We hypothesize that the percentage of trips
making a stop could affect the shape of the overall travel time distribution.

The descriptive statistics of each individual variable (Table 1) are included here for readers’ reference.

5.2. Classification Model Results

To reiterate, we select four classification models, K-Nearest-Neighbour, Decision Tree, Random Forest, and Lo-
gistic Regression due to their own unique properties. We apply all four models on the three different analysis levels,
namely the stop pair level, route timepoint pair level, and service pattern level.

To evaluate each method, we use 80% of our dataset to fit these models, then use the rest 20% data unseen by the
models as test sets. Table 2 shows the confusion matrices of each classification method at a given analysis level as
well as their overall accuracies. The rows in the confusion matrix correspond to the actual categories, and the columns
correspond to the category generated by the classification model.
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Table 1. Descriptive Statistics for the Variables

Stop Pairs Route Timepoint Pairs Service Pattern
Variable Min Max Avg SD Min Max Avg SD Min Max Avg SD
Is Mixture Distribution 0.00 1.00 0.29 0.45 0.00 1.00 0.25 0.43 0.00 1.00 0.20 0.40
Saturday 0.00 1.00 0.33 0.47 0.00 1.00 0.31 0.46 0.00 1.00 0.31 0.46
Sunday 0.00 1.00 0.34 0.47 0.00 1.00 0.31 0.46 0.00 1.00 0.31 0.46
Early AM 0.00 1.00 0.10 0.30 0.00 1.00 0.10 0.30 0.00 1.00 0.10 0.30
AM Peak 0.00 1.00 0.21 0.41 0.00 1.00 0.20 0.40 0.00 1.00 0.21 0.40
PM Peak 0.00 1.00 0.20 0.40 0.00 1.00 0.20 0.40 0.00 1.00 0.20 0.40
Evening 0.00 1.00 0.14 0.35 0.00 1.00 0.13 0.34 0.00 1.00 0.13 0.34
Late Night 0.00 1.00 0.08 0.27 0.00 1.00 0.08 0.27 0.00 1.00 0.08 0.26
Service Frequency 0.02 22.67 2.34 1.69 0.02 17.09 2.11 1.36 0.04 16.61 2.15 1.47
Number of Stops - - - - 1.00 40.00 5.14 3.32 1.00  116.00 35.12  17.66
Number of Streets 0.00 14.00 1.34 0.73 0.00 16.00 2.47 1.64 1.00 41.00 11.00 6.03
Number of Lights 0.00 36.00 1.18 1.27 0.00 36.00 4.43 3.55 0.00 121.00 28.66  15.88
Number of Lanes 1.00 6.00 2.39 0.92 1.00 6.00 2.54 0.82 1.19 5.33 2.56 0.54
Speed Limit 20.00  100.00  40.83 8.85  21.56 96.86  42.18 8.32  30.07 81.55 4272 7.61
Bus Lane 0.00  100.00 1.71 11.69 0.00  100.00 235  11.89 0.00 96.74 2.26 8.39
Oneway 0.00 100.00  39.05 45.62 0.00 100.00 46.06 39.71 252 100.00 4556  24.94
Pop. Density 0.00 35.50 6.08 4.01 0.00 27.55 5.56 3.52 0.00 13.45 5.25 2.66
Length - Residential 0.00 3.11 0.05 0.10 0.00 3.11 0.52 0.52 0.00 8.27 1.53 1.51
Length - Collector 0.00 3.55 0.08 0.15 0.00 7.61 0.85 0.81 0.00 17.30 3.30 3.04
Length - Secondary 0.00 7.53 0.12 0.23 0.00 12.23 1.03 0.89 0.00 19.34 5.08 4.02
Length - Primary 0.00 5.75 0.03 0.12 0.00 5.75 0.95 0.86 0.00 12.94 2.60 3.31
Length - Motorway 0.00 14.03 0.02 0.32 0.00 7.35 1.12 1.57 0.00 26.32 3.42 5.45
Land Use - Mixed 0.00 100.00 1035 28.31 0.00 100.00 11.94 2528 0.00 9036 10.62  13.50

Land Use - Downtown 0.00  100.00 544 2225 0.00  100.00 8.17 2582 0.00  100.00 7.67 18.80
Land Use - Residential 0.00  100.00 67.88  44.36 0.00  100.00 63.62  41.18 0.00  100.00 67.28  26.35

Land Use - Industrial 0.00 100.00 1291 32.16 0.00 10000 1131 27.37 0.00  100.00 9.58  16.99
Average Load 1.28 32.82 8.19 3.86 0.00 21.30 4.69 2.73 0.00 21.36 5.23 2.78
SD Load 0.00 21.13 438 271 045 30.77 7.40 3.88 1.44 26.15 7.65 3.10
Average Delay -1.22 8.24 1.97 1.31 -1.45 5.80 1.79 1.54  -1.00 5.74 1.64 1.09
SD Delay 0.20 9.41 3.77 1.94 0.30 11.30 471 3.07 0.49 9.00 3.85 1.85
Percent Boarding 0.00 100.00  39.06  28.75 0.00 9385  30.67  20.65 0.00 80.30  31.36  15.52
Number of Segments 10309 3176 552

Take K-nearest-neighbour method at stop pairs level as an example. We can observe that the overall accuracy is
0.79. More specifically, the true negative rate is 0.78, false positive rate is 0.22, false negative rate is 0.20, and true
positive rate is 0.8.

From the table, we can observe that the random forest and K-nearest-neighbour methods generally perform better
than the decision tree and logistic regression methods for the test sets. In addition, we can see that the correct responses
from these models are fairly balanced.

We can infer two pieces of information from these models. One is that the relationship between the input variables
and the outcome variable might be non-linear, since the logistic regression analysis performs worse than the others.
Another observation is that k-nearest-neighbour performs well, which suggests that similar segments behave similarly.
Thus, it suggests a potential new way for performance analysis or scheduling, where planners could potentially group
similar segments together when analyzing travel times or adjusting transit schedules. When planning new services,
agencies could also refer to the data on similar existing segments.

As for the analysis levels, the accuracy is the best for the route timepoint pair level, then the stop pair level, and the
service pattern level perform the worst. There could be a few reasons for this behaviour. The sample size for the route
level is very small, so the models may not have good classification power. In addition, a service pattern can also pass
through many neighbourhoods and land uses, and the streets could all have different characteristics, making it difficult
to produce a simple model to capture all these variations.
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Table 2. Confusion Matrix for Classification Methods at Different Analysis Levels

Stop Pairs Route Timepoint Pairs Service Pattern

False True False True False True
K-Nearest-Neiehbour False 0.78 0.22 False 0.77 0.23 False 0.71 0.29
& True 0.20 0.80 True 0.16 0.84 True 0.28 0.72

Accuracy 0.79 Accuracy 0.80 Accuracy 0.72

False True False True False True
Decision Tree False 0.73 0.26 False 0.76 0.24 False 0.66 0.34
True 0.28 0.70 True 0.25 0.75 True 0.26 0.74

Accuracy 0.71 Accuracy 0.75 Accuracy 0.70

False True False True False True
Random Forest False 0.79 0.21 False 0.84 0.16 False 0.75 0.25
True 0.20 0.80 True 0.18 0.82 True 0.27 0.73

Accuracy 0.80 Accuracy 0.83 Accuracy 0.74

False True False True False True
Logistic Reeression False 0.66 0.34 False 0.71 0.29 False 0.70 0.30
Bistic Regress True 0.36 0.64 True 031 0.69 True 0.30 0.70

Accuracy 0.65 Accuracy 0.70 Accuracy 0.70

As for the stop pair levels, the stop segments are relatively short in Montreal. Common distances between two stops
are around 300 meters. One route may even have two stops at both the near side and far side at the same intersection.
Therefore, short stop distances could introduce more uncertainty for the stop-level analysis.

When planning for a new service, there would be no actual passenger demand and delay data for reference. We
tried to fit these models without delay and demand variables to see if the models could be useful for agencies when
planning a new service. We found that the general observation still holds, except that the accuracy would decrease by
roughly 2 to 3 percent in all cases. Thus, we will not be repeating the results in detail here.

5.3. Identified Factors Related to Mixture Transit Travel Time Distribution

In this section, we mainly focus on interpreting the logistic regression model coefficients due to their linearity. As
a quick reminder, the logistic regression is fitted by log transforming the logistic function. Thus, the coefficients listed
in this section are the log odds of having a mixture distribution given one unit of change. The coefficients that are
statistically significant (p < 0.05) are marked with bold fonts.

As expected and demonstrated in earlier sections, the binary variables for Saturday and Sunday services have a
negative sign in all three models compared to the base case of weekday services. For example, at stop pair level, the
coefficient for Saturday service is -0.84. This indicates that Saturday service has e 3+ ~ 0.43 times the odds of being
a mixture distribution compared to the weekday services all else being equal. In other words, the Saturday travel times
are less likely to follow mixture distributions. Again, there could be two possible scenarios to explain this behaviour.
One is that, during the weekend, the traffic and demand levels are lower. Another one is that, due to the smaller data
sample, the statistical significances are not enough to reject the null hypothesis that the travel times do not follow
mixture distribution.

As for the time of the day variables, the three models paint a different picture. Compare to midday services, morning
travel times tend to have greater odds of following mixture distributions at stop and route timepoint pair levels. As
for the afternoon peak hours, only the service pattern level coefficient is statistically significant with a negative sign.
For evening services, no coeflicients are significant, suggesting similar travel conditions compared to midday hours.
However, for late night services, both stop and timepoint pair levels are significant with positive signs. This means
that late night services are more likely to have underlying travel conditions at a smaller scale. This could be due to the
additional late-night leisure activities at the end of the work week and during the weekend. Planners might consider
adjusting transit schedules for the end of the work week or weekend only.

Service frequency is a significantly positive variable for all three levels. The variable could correlate to the variation
in underlying travel conditions and operator preferences. For example, frequent service correlates to high passenger
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Table 3. Logistics Regression Coefficients

Stop Pairs Route Timepoint Pairs Service Pattern
Variable Coeft. Err. T-Stat p Coeff. Err. T-Stat p Coeft. Err. T-Stat p
Intercept -0.24 0.04 -5.66 0.00 1.14 0.09 13.32 0.00 -0.01 0.39 -0.03 0.97
Saturday -0.84 0.01 -78.67 0.00 -1.11 0.02 -47.48 0.00 -1.56 0.07 -22.30 0.00
Sunday -0.80 0.01 -73.08 0.00 -1.00 0.02 -42.44 0.00 -1.48 0.07 -21.65 0.00
Early AM 0.04 0.02 2.38 0.02 0.32 0.03 9.11 0.00 -0.08 0.11 -0.72 0.47
AM Peak 0.10 0.01 7.68 0.00 0.06 0.03 2.16 0.03 -0.18 0.08 -2.32 0.02
PM Peak -0.02 0.01 -1.76 0.08 -0.05 0.03 -1.88 0.06 -0.43 0.08 -5.60 0.00
Evening 0.01 0.01 0.60 0.55 0.05 0.03 1.59 0.11 -0.12 0.09 -1.40 0.16
Late Night 0.05 0.02 3.22 0.00 0.19 0.04 5.14 0.00 -0.18 0.11 -1.66 0.10
Service Frequency 0.16 0.00 54.45 0.00 0.21 0.01 27.43 0.00 0.29 0.02 13.04 0.00
Number of Stops -0.06 0.01 -10.82 0.00 0.01 0.00 3.55 0.00
Number of Streets -0.07 0.01 -9.88 0.00 -0.17 0.01 -21.20 0.00 -0.01 0.01 -1.48 0.14
Number of Lights 0.17 0.01 33.20 0.00 0.07 0.00 15.96 0.00 0.00 0.00 0.27 0.78
Number of Lanes 0.00 0.01 -0.69 0.49 -0.01 0.01 -0.87 0.38 -0.10 0.06 -1.59 0.11
Speed Limit 0.00 0.00 -1.03 0.30 0.00 0.00 -2.55 0.01 0.02 0.01 3.49 0.00
Bus Lane 0.00 0.00 0.33 0.75 0.00 0.00 2.61 0.01 0.00 0.00 -0.04 0.97
Oneway 0.00 0.00 11.93 0.00 0.00 0.00 11.42 0.00 0.00 0.00 -1.48 0.14
Pop. Density 0.03 0.00 22.63 0.00 0.02 0.00 6.87 0.00 0.02 0.02 1.46 0.14
Length - Residential -2.09 0.06 -34.50 0.00 -0.47 0.04 -13.47 0.00 0.00 0.01 -0.14 0.89
Length - Collector -1.78 0.04 -42.37 0.00 -0.59 0.03 -22.53 0.00 -0.08 0.01 -6.86 0.00
Length - Secondary -0.96 0.03 -28.27 0.00 -0.34 0.02 -14.48 0.00 -0.03 0.01 -2.66 0.01
Length - Primary -0.53 0.04 -12.30 0.00 -0.03 0.03 -1.04 0.30 0.04 0.01 2.65 0.01
Length - Motorway 0.08 0.02 4.74 0.00 0.04 0.02 2.31 0.02 0.04 0.02 2.47 0.01
Land Use - Mixed 0.00 0.00 2.65 0.01 0.00 0.00 3.40 0.00 -0.01 0.00 -2.87 0.00
Land Use - Downtown 0.00 0.00 5.09 0.00 0.00 0.00 -1.62 0.10 -0.01 0.00 -3.66 0.00
Land Use - Residential 0.00 0.00 1.36 0.17 0.00 0.00 8.82 0.00 0.00 0.00 -0.56 0.58
Land Use - Industrial 0.00 0.00 -7.33 0.00 0.00 0.00 3.15 0.00 -0.01 0.00 -2.28 0.02
Average Load -0.07 0.00 -29.31 0.00 0.22 0.01 3243 0.00 0.02 0.03 0.72 0.47
SD Load 0.13 0.00 34.67 0.00 -0.15 0.01 -29.63 0.00 0.07 0.03 271 0.01
Average Delay 0.08 0.00 26.26 0.00 -0.11 0.01 -16.03 0.00 -0.04 0.02 -1.57 0.12
SD Delay 0.00 0.00 0.82 0.42 0.01 0.00 3.78 0.00 0.00 0.01 -0.07 0.94
Percent Boarding 0.00 0.00 22.99 0.00 -0.01 0.00 -22.36 0.00 -0.02 0.00 -1.97 0.00

demand and congestion. More frequent service also correlates to the increased number of operators on the route, thus
there could be various operator preferences. For example, some are more likely to rush through a yellow light, while
some might not. In addition, service frequency could also relate to vehicles interacting with each other on the same
corridor. For example, bus bunching may occur on high frequency services. On common corridors shared by many
routes, different vehicles may also interact with each other. In these scenarios, the vehicles that follow may be affected
by the travel times of the previous vehicle.

Interestingly, more stops on a given segment would decrease the odds of having mixture distributions at the route
timepoint level but increase the odds for service pattern level. More research is needed to understand the reason behind
this observation.

As for the number of streets, the coefficients are negative, which is also surprising. One would assume that as the
vehicle makes more turns, there are more chances to encounter different travel conditions. Yet, the coefficient suggests
that travel times are less likely to follow mixture distributions if there are more turns. However, having more turns
would also correlate to having a longer segment, thus the longer segment lengths could hide more detailed underlying
travel conditions.

The number of traffic lights is significant and positive for stop pair and route timepoint pair levels but is not
significant for the service pattern level. This suggests that having additional traffic lights on a given segment would
increase the odds of having mixture travel time distributions at a smaller scale. This is expected, since the travel times
with and without waiting at a traffic signal are much easier to be distinguished at smaller scales.
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The average number of lanes is not significant in all three models. The average speed limit is only significant in two
models, yet the magnitudes for all three models are very small. For 1 kilometer per hour average speed limit increase,
the odds of having mixture distribution is multiplied by roughly 1.02.

The percentage of bus lanes in operation and the percentage of oneway sections do not seem to have a big influence
on the odds of having mixture distributions. Despite some coefficients being significant, the magnitudes are very close
to 0.

The population density is also positive. This is expected, since population density correlates to more transit demand,
traffic congestion, as well as more diverse land use activities. All of these factors could then contribute to the variation
in travel conditions.

For the length of the segment, the signs are mostly negative, except for the segments that contain motorway sections.
The magnitudes are also in decreasing order from stop pair to service pattern levels. This is again expected since the
longer segments correlate to longer travel times, which could hide more detailed variations. The segments that include
motorways tend to be longer express routes. In case of disruptions on the highway, there is less chance for buses to
deviate, which could lead to different underlying traffic conditions.

As for the percentage of land use in surrounding areas, the coefficients are very small despite some of them being
significant.

The demand-related variables are split between the three models. The average load coefficient is negative for stop
pairs yet it is positive at higher levels. The load standard deviation is positive for stop pair and service pattern levels,
but negative for timepoint levels.

The average delay coefficients are also split between the three models. Additional delays correspond to higher odds
of having mixture distribution at the stop pair level, yet correspond to lower odds at route timepoint pair and service
pattern levels. The standard deviation of delays and percent of samples with boarding activities do not seem to have
a big impact on the overall odds, due to their small coefficient magnitudes. More research is needed to explain the
discrepancies observed for load and delay related variables.

Finally, we try to rank the variables by determining their average effects to the results. Table 4 shows the ranking
of each variable’s magnitudes where we applied the estimated coefficients to the average value of each input variable.

From the results, we can observe that variables related to vehicle load, average delay, service frequency, weekday
service, number of traffic lights, and the lengths of collector and secondary streets consistently rank high in all three
models. These higher ranking variables are related to passenger demand variations, operator preferences, vehicle-to-
vehicle interactions, weekend services, traffic lights, and segment lengths. Other variables such as time of the day,
reserved lanes, and land use variables tend to have less impact on the odds of having mixture distributions. The
rankings should help agencies to focus their attention when analyzing segments with mixture travel time distributions.

6. Conclusion

Transit reliability is important for both transit agencies and passengers. To improve the agency’s operation effi-
ciency and passenger experience, previous literature pointed out the need to develop more precise models related to
transit travel times. Some literature has observed mixture transit travel time distributions.

Aiming to provide more comprehensive evaluations of mixture travel time distributions and to provide more in-
sights to the transit agencies, we conducted a systemwide study to illustrate the presence of these mixture distributions.
We also identified potential spatial and temporal patterns related to the shape of transit travel time distributions. Then
we fitted several classification models to classify if a given segment would follow mixture distribution at a given time.
The fitted models allowed us to examine the importance of each predictor.

The results show the presence of mixture distributions in various analysis levels, stop pair level, route timepoint
pair level, and service pattern level. Further analysis could help agencies to pinpoint the cause of such mixture dis-
tributions, thus could help agencies to "nudge” the slower travel conditions towards the faster ones. In addition, the
percentage of route timepoint pairs and stop pairs that follow mixture distributions stay relatively stable throughout the
day. However, the variation at the service pattern level is higher potentially due to the smaller sample size. The week-
end services also tend to have fewer segments identified as mixture distribution. However, this could be also due to the
smaller sample size. The geographical distribution shows that segments near traffic lights or on major transportation
corridors tend to have more mixture distributions. Neighborhoods with more passenger demands, higher population
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Table 4. Average Variable Effect in Logistic Regression

Stop Pairs Route Timepoint Pairs Service Pattern

Variable Avg Effect Variable Avg Effect Variable Avg Effect
Average Load -0.59 Intercept 1.14 Speed Limit 1.05
SD Load 0.57 SD Load -1.11 Percent Boarding -0.77
Service Frequency 0.38 Average Load 1.05 Service Frequency 0.62
Saturday -0.28 Length - Collector -0.50 SD Load 0.53
Sunday -0.27 Service Frequency 0.45 Saturday -0.48
Intercept -0.24 Percent Boarding -0.44 Sunday -0.46
Number of Lights 0.20 Number of Streets -0.42 Number of Stops 0.38
Pop. Density 0.18 Saturday -0.35 Length - Collector -0.25
Average Delay 0.17 Length - Secondary -0.35 Number of Lanes -0.24
Length - Collector -0.15 Sunday -0.31 Length - Secondary -0.16
Length - Secondary -0.11 Number of Lights 0.30 Length - Motorway 0.14
Number of Streets -0.10 Number of Stops -0.30 Pop. Density 0.12
Length - Residential -0.09 Length - Residential -0.24 Number of Streets -0.11
Oneway 0.05 Land Use - Residential 0.21 Average Load 0.11
Land Use - Industrial -0.03 Average Delay -0.20 Land Use - Residential -0.11
Speed Limit -0.03 Speed Limit -0.17 Oneway -0.10
Land Use - Residential 0.03 Oneway 0.15 Land Use - Mixed -0.10
AM Peak 0.02 Pop. Density 0.12 Length - Primary 0.10
Length - Primary -0.01 SD Delay 0.06 Land Use - Downtown -0.09
Land Use - Downtown 0.01 Length - Motorway 0.04 PM Peak -0.09
Number of Lanes -0.01 Early AM 0.03 Land Use - Industrial -0.06
Land Use - Mixed 0.01 Number of Lanes -0.03 Average Delay -0.06
SD Delay 0.00 Length - Primary -0.03 AM Peak -0.04
PM Peak 0.00 Land Use - Mixed 0.02 Number of Lights 0.03
Late Night 0.00 Late Night 0.01 Evening -0.02
Early AM 0.00 AM Peak 0.01 Late Night -0.01
Length - Motorway 0.00 PM Peak -0.01 Intercept -0.01
Evening 0.00 Land Use - Industrial 0.01 Early AM -0.01
Bus Lane 0.00 Evening 0.01 SD Delay 0.00
Percent Boarding 0.00 Land Use - Downtown -0.01 Length - Residential 0.00
Bus Lane 0.00 Bus Lane 0.00

density, and mixed-land use could have more segments identified as mixture distribution. From the classification mod-
els, we showed that non-linear methods and similarity-based models work the best in classifying the shape of transit
travel time distributions. The results highlight the need to consider the non-linearity and suggest similar segments tend
to behave similarly. Agencies could potentially try to schedule similar segments at the same time. The logistic regres-
sion model highlighted the potential effects of passenger demand variations, weekday services, operator preferences,
vehicle-to-vehicle interactions, traffic lights, and segment length variables. These results could help agencies to focus
their attention and resources when trying to improve transit vehicle travel conditions.

The limitations of this research could be in the following areas. One is with regard to the methodology. In our
analyses, we aggregate the entire dataset without considering the service changes that occurred during the study
period. Additional research could examine potential seasonal variations in mixture distributions. Another limitation is
that our classification models only included a binary outcome variable, due to the smaller sample size with a higher
number of components. Future research could analyze the higher components in more detail. Finally, we only selected
four classification models, from a wide range of categories. Future research could test additional classification models
and compare their performances.

One potential expansion of this research is to use more detailed data on transit ridership, traffic counts, and traffic
light settings to help infer the reason causing consistent slower travel conditions on each trip or segment. Using
identified causes, agencies can target specific areas and potentially “nudge” the travel times under slower conditions
towards faster conditions. Similarly, there are other occasional factors causing slower travel conditions beyond transit
agencies’ control, such as traffic incidents and weather. By incorporating these data, agencies could evaluate potential
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response strategies to increase the reliability and resilience of a given transit network. These expansions would help
reduce overall travel times, improve vehicle travel conditions, and improve service consistency.

Future works could also expand our research by using additional historic data to further evaluate bus preferential
measures, such as transit signal priority and bus lanes. Agencies could analyze the travel time distributions before and
after to determine the effectiveness of these strategies using the underlying travel time distributions. This way, agencies
could have a better understanding of how these strategies impact the services. Agencies could also incorporate these
more precise travel time distributions into other analyses to better understand the passengers’ experience, such as
transfer simulations or buffer time estimations. Finally, transit agencies could use this information to provide more
precise travel planning information to passengers, such as the likelihood to get to their destinations or the planned
transfer vehicles for example.
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