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Abstract
Purpose – The purpose of this study is to address the extended travel time caused by dwelling time at
stations for passengers on traditional rail transit lines. To mitigate this issue, the authors propose the “Non-
stop” design, which involves trains comprised of modular vehicles that can couple and uncouple from each
other during operation, thereby eliminating dwelling time at stations..
Design/methodology/approach – The main contributions of this paper are threefold: first, to introduce
the concept of non-stop rail transit lines, which, to the best of the authors’ knowledge, has not been researched
in the literature; second, to develop a framework for the operation schedule of such a line; and third, the author
evaluate the potential of its implementation in terms of total passenger travel time.
Findings – The total travel time was reduced by 6% to 32.91%. The results show that the savings were
more significant for long commutes and low train occupancy rates.
Research limitations/implications – The non-stop system can improve existing lines without the need
for the construction of additional facilities, but it requires technological advances for rolling stock.
Originality/value – To eliminate dwelling time at stations, the authors present the “Non-stop” design,
which is based on trains composed of locomotives that couple and uncouple from each other during operation,
which to the best of the authors’ knowledge has not been researched in the literature.
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1. Introduction
Passengers choose their mode of travel based on factors such as fare, comfort, waiting time
and in-vehicle travel time. The travel mode choice for a group of passengers can be
estimated by assigning weights to each of these factors and comparing the total utility of
each mode (Ding and Zhang, 2016). Hence, reducing in-vehicle travel time would improve
the utility of a given mode, attracting more passengers and enhancing the satisfaction of
current riders.

In rail transit systems, in-vehicle travel time is impacted by the necessity for passengers
to stop at every station along the way. To address this issue, some rail transit lines have
implemented the Skip-Stop design, where trains stop at every other station. This method is
effective for relatively high demand, long distances and when travel demand is evenly
distributed along the subway line. Additionally, to further mitigate this issue, some rail
transit lines have adopted the express line system, where trains stop only at major stations.
This method can be advantageous when travel time saving outweighs waiting time
(Suh et al., 2002).

Express lines offer rapid connections between stations; however, they only cater to a
portion of riders as the number of possible destinations is reduced compared to regular lines.
Implementing an express line is costly, requiring the construction of additional tracks to
allow overtaking, a cost not needed for skip-stop implementation. However, in skip-stop
lines, a portion of passengers must switch lines during their trip, as their desired station is
skipped. This increases in-vehicle travel time, waiting time and walking time, significantly
reducing the service’s utility for these passengers.

In recent years, companies and researchers have recognized the potential benefits of
creating a line design that combines the advantages of both skip-stop and express line
designs, enabling passengers to embark and alight at any station without intermediate
stops. One promising development, patented by the company Next Future Transportation
Inc. in 2022, involves “Selectively Combinable Independent Driving Vehicles,” represented
in Figure 1. This concept is relatively simple: using vehicles that can couple and uncouple at
cruising speeds, passengers can access vehicles from other lines for direct transfers or
simplymove to a vehicle with a different stop plan on the same line.

On rail lines, these vehicles could be used to implement a design referred to as Non-stop
(NS) in this study (see Figure 2). In the NS design, trains consist of locomotives capable of
coupling and uncoupling during operation. This allows the front locomotive in a train to
skip one station while the rear locomotive stops at it. As depicted in the figure, at time “i”
locomotives L1 and L2 move from station ST1 toward station ST2, where there is one
parked locomotive, L3. At time “iþ 1,” L1 and L2 uncouple: L1 begins to decelerate to stop
at ST2, while L2, maintaining a steady pace, intends to skip ST2. Simultaneously, L3
departs from ST2 by accelerating. Finally, at time “iþ 2” L1 halts at ST2, allowing
passengers to alight and embark, while locomotives L2 and L3 couple, enabling passengers
to move between the locomotives.

Figure 1.
MVdesigned by the
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This movement between locomotives is what makes the design efficient and non-stop:
passengers wishing to skip the next station can simply move to the front locomotive, while
those needing to stop at the next station can do so by moving to the back locomotive. The
non-stop design offers two significant benefits over the traditional methods cited above.

First, non-stop significantly reduces total travel time, as passengers are bound to skip at
least half the stations during their trip – every locomotive skips one station before stopping.
Passengers can also skip every single intermediate station by switching locomotives during
coupling time, as the front locomotive of a train is bound to skip the next station.

Second, non-stop does not reduce the line’s demand. Unlike the express and skip-stop
designs, which completely skip certain stations – resulting in some passengers needing to
switch lines or modes of transportation to reach their destination – non-stop allows
passengers to stop at any station in the line. This is possible because there is always one
locomotive stopping at the next station; hence, passengers can move to the stopping
locomotive during coupling time.

Non-stop does not require significant investments in infrastructure, such as the
construction of new rail tracks, or lines, which can be expensive and less attractive if built
deep into the ground, thereby taking longer to reach (Lee et al., 2021). However, it does
require locomotives capable of dynamic coupling (DC) – coupling and decoupling at non-
zero speed – allowing passengers to safely walk over to another wagon to either skip or stop
at the next station.

1.1 Paper contributions
The aim of this work is to explore the applicability of modular vehicles (MVs) capable of DC
in railway lines. Much research has been conducted in rail transit timetabling,
encompassing various issues such as energy consumption (Scheepmaker et al., 2017),
resilience (Ren et al., 2019), safety (Shi et al., 2023), rolling stock routing (Wang et al., 2021),
rescheduling (Jiateng et al., 2022) and more. However, most of these approaches did not
consider DC or MV. While some recent studies have contemplated these options, to the best
of our knowledge, none have applied them to urban rail traffic or considered the non-stop
design. In summary, this paper contributes as follows:

� Our work proposes a novel line design for urban rail traffic, leveraging emerging
DC technology that enables passengers to skip any station in the line while still
being able to stop at their destination for alighting.

� We develop an optimization method for non-stop trains, defining speed trajectories.
The model aims to minimize total passenger travel time, accounting for speed
limitations, DC and the feasibility of coupling duration to ensure passengers have
sufficient time to switch locomotives.

Figure 2.
Operation of a
segment with non-
stop design
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� We investigate two real-world instances: a small-scale data set from São Paulo’s
recently opened monorail line 15 and a medium-scale data set from San Francisco’s
Bay Area Rapid Transit (BART). By comparing our results with current travel
times, we demonstrate that the proposed design can reduce travel times by 6%–
32.91%.

The paper is organized as follows: Section 2 reviews relevant literature. Section 3 contains
the problem description, main concepts, mathematical model and solution method. In
Section 4, the model is applied to case studies, and the results are analyzed. Finally, Section 5
discusses the conclusions and ideas for future work.

2. Literature review
The train timetabling problem focuses on finding the optimal timetable concerning
passenger travel time, energy consumption, profit, capacity and other factors. The process
consists of turning the problem into a mathematical model and solving it with an algorithm
that searches for the maximum or minimum value of a function within a given set.

Early works include (Szpigel, 1973) where the problem was formulated as a job-scheduling
problem. This formulation sought to minimize travel time and considered trains as jobs and
track segments as machines. Branch-and-bound was chosen as the solution method for this
non-cyclic train timetabling problem (TTP) that was applied to a Brazilian single-track line.

Although other works followed a similar structure to deal with this problem (Zhou and
Zhong, 2007), literature has focused on solving this problem for different objective functions
such as maximizing reliability (Jovanovic and Harker, 1991; Carey, 1994), maximizing profit
(Brännlund et al., 1998), minimizing energy consumption (Guo and Zhang, 2022; Sun et al.,
2023) andmaximizing quality of service (Kaspi, 2010).

Regarding time minimization, Bai et al. (2019) focus on optimizing train headways at
each station to reduce passenger waiting time and platform crowding using a genetic
algorithm. Similarly, Zhang et al. (2021) research a timetable optimization model for express/
local modes to minimize total passenger waiting time at platforms, resulting in a 9.3%
savings. Other related research includes a demand-driven timetable assisted by smart card-
based automated fare collection systems (Sun et al., 2014) and train scheduling to minimize
passenger waiting time (Niu et al., 2015). Niu et al. (2015) used a quadratic integer
programming model to synchronize passenger loading time windows with train arrival and
departure times, aiming to minimize passenger waiting time at stations with time-dependent
demand and skip-stop patterns.

Optimization related to skip-stop patterns is relevant to this research due to its similarity
to the proposed model. Jiang et al. (2017) proposed a model that allows changes in dwelling
time and stops to insert additional trains into a highly congested existing timetable to meet
demand. Parbo et al. (2018) reduced in-vehicle travel time by 5.5% by optimizing stopping
patterns. Zhao et al. (2021) presented a mixed-integer nonlinear programming (MINLP)
model for deciding stop planning, timetables and rolling stock usage to minimize unfairness
in passenger waiting time and workload imbalance in rolling stock circulation.

2.1 Literature on modular vehicles
Nold and Corman (2021) conducted a systematic classification of dynamic train unit
coupling and decoupling at cruising speeds, identifying two primary types of couplings:
mechanical and virtual. Mechanical couplings occur when units physically bind together,
while virtual couplings maintain a constant distance through coordinated speed
management. Their classification also outlined three types of coupling processes:
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(1) static manual: couplings requiring physical human assistance;
(2) static automatic: couplings not requiring physical human assistance; and
(3) automatic dynamic: couplings achievable at speeds higher than zero without

human assistance.

According to their classification, the NS design necessitates trains capable of mechanical-
automatic DC (or DC) with transfer allowances between trains – classified as the 4.3 generation
of unit coupling in operation (UCO). Their numerical evaluation demonstrated a potential travel
time reduction of 30%, excluding the novel line designs enabled by this technology.

The implementation of railway lines using 4-gen UCO requires further research. Wu et al.
(2023) proposed a train controller based on adaptive virtual coupling and a train model to
enable DC. The model underwent testing through multiple simulations, demonstrating
feasibility. However, in certain instances, the generated jerk from the coupling surpassed the
maximum recommended comfort limit.

To the best of our knowledge, very little research has been made on TTP optimization
models for train DC, Pei et al. (2023) presented a MINLP model to consider passenger flow
uncertainty and energy consumption for modular rolling-stock, however, their model only
considered couplings at stations, focusing on train sizing for minimal energy consumption.
On the other hand, some research has been conducted on bus DC, Zhang et al. (2020)
presented a model that minimizes the vehicles-miles-traveled while imposing a lower bound
to the number of served ride requests. Their model considered enroute transfers and vehicle
routing, resulting in a timetable that is completely adapted to passenger’s demand. Wu et al.
(2021) proposed a model with similar prepositions with the objective of minimizing the total
number of passenger transfers and the number of MVsmaneuvers, such as switching lanes.

In general, operations research methods can be used to solve a plethora of rail transit
optimization problems, and for this reason, it was the chosen method for this paper. To the
best of the authors’ knowledge, no academic research involving non-stop systems has been
conducted. Notably, it explores the feasibility and potential benefits of implementing non-
stop systems mathematically. As travel time significantly influences passenger mode choice
and capacity, impacting demand and profit, the model concentrates on minimizing
passenger in-vehicle travel time.

3. Problem definition and mathematical formulation
3.1 Non-stop design in rail transit system
In the non-stop system, passengers can reach their destination directly without stopping at
any station. To better illustrate its functionality, a representation of the non-stop design as a
train schedule timetable is presented and compared to the traditional full-stop (FS) line
design, in Figure 3. In FS (a), a train departs from the first station, ST1, toward the last
station, ST4, with stops at the intermediate stations ST2 and ST3.

Conversely, the non-stop line (b) consists of trains with multiple locomotives enabling
independent movement after uncoupling. Hence, in the non-stop design, locomotives depart
not only from the first station but also from each subsequent station along the line.
Although it may appear that the non-stop design leads to extended waiting times for
locomotives L3 and L4, this only occurs for the first train of the line, for instance, at 6 a.m.
when the subway system opens. Furthermore, trains uncouple during operation (c), depicted
at time T1, where locomotive L1 slows down to stop at station ST1. Simultaneously,
locomotive L2 continues moving to couple with locomotive L3 at time T2, allowing
passengers from L2 to transfer to L3 and bypass stopping at station ST3. This process also
allows passengers from L3 to move to locomotive L2 and disembark at ST3. Finally, at the
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last station of the line, none of the locomotives uncouple, as there are no further stations to
skip, as shown at time T3.

As a result, passengers who prefer not to stop at any intermediate station can continuously
move to the next locomotive until they reach the one that will stop at their desired destination.
However, this movement is restricted by the physical limitation of the door width between
locomotives. Consequently, our study considered extreme high-demand scenarios where
overcrowding would prevent passengers from switching locomotives. In this situation, the non-
stop design could technically transform into a skip-stop design. Even in this worst-case scenario,
passengers can still benefit from reduced stop time and consequently lower travel time.

Headway assignment, defining the interval between vehicles moving in the same
direction on the same route, becomes a crucial issue in non-stop applications because each
train’s movement relies on adjacent trains. For instance, if a 180-s headway is assigned for a

Figure 3.
Comparison between

the operation of a
traditional and a non-
stop rail transit line
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line, the trains would need to remain at stations for 100–150 s, waiting for the next coupling
locomotive to arrive. This is illustrated in Figure 4, where Set 1 L1 represents the
rear locomotive of the train departing the station at time “i,” and Set 2 L2 represents the front
locomotive departing at time “iþheadway.”

Note that it takes longer for the rear locomotive L1 to reach station ST1 than for the front
locomotive L2. This occurs because L1 must stop at ST1, requiring it to slow down before
reaching the station. Therefore, a minimum headway that accounts for this time difference is
necessary to make the line feasible. In other words, a headway that is too short or unfeasible
could result in locomotives colliding.

In the minimum feasible headway scenario, L1 stops at ST1 for 0 s, making it impossible
for passengers to embark or alight. An efficient headway for this section would be 90 s,
providing passengers with 33.98 s for alighting/embarking. Conversely, a headway of 180 s
would result in an inconveniently long waiting time of 123.98 s.

A train schedule was created for visualization purposes, as depicted in Figure 5. The
figure displays locomotives departing from ST1 between 11:20 and 11:25 to illustrate how

Figure 4.
Stay and headway
relationship

Figure 5.
Non-stop train
schedule with
passenger’s point of
view
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waiting time at stations is influenced by the headway and to present the perspective of a
passenger moving from station ST1 to ST7, consistently switching locomotives to bypass
any intermediate station.

Implementing this design would necessitate significant development in intelligent rolling
stock and reliable information systems for railway lines, which have witnessed substantial
advancements in recent years due to the integration of autonomous trains. However, the
mechanical and electrical advancements required for this model’s application are not the
primary focus of this study. Instead, the concept is approached from the perspective of
operational research. We have formulated a mathematical model to represent its
implementation and optimized its operation by minimizing the total passenger travel time.
In summary, the problem entails finding a train schedule that minimizes total passenger
travel time while satisfying the following constraints:

� Locomotive movements must adhere to basic kinematic equations.
� The average speed, maximum speed and acceleration of the optimized non-stop line

cannot exceed those of the original traditional line.
� Locomotives must stop at every other station.
� The duration of a locomotive’s stop at a station is determined by the headway and

adjacent locomotive movements.
� Each locomotive must couple with its adjacent locomotives (rear and front) at least

once to facilitate passenger movement.
� Passengers must use a combination of locomotives to travel from their origin to

their destination (defined as paths in this study).
� The maximum passenger capacity of a locomotive must be observed.
� During the coupling phase, the total passengers switching locomotives must not

exceed the door’s capacity.

3.2 Operation strategy with main concepts
Traditionally, when optimizing travel time for rail transit, the focus of the study does not
encompass the train’s movement between stations. The conventional idea is rather
straightforward – the train should move as fast as possible while adhering to the operational
speed in each segment. However, in a non-stop system, it becomes crucial to pinpoint the
train’s speed and location for the safe coupling and uncoupling of trains. As a result, certain
concepts needed to be adopted to transform this aspect into a mathematical model.

The main objective in this study was to simulate a feasible and efficient, based on
total passenger travel-time, non-stop line. Consequently, the objective function is the
minimization of the time each passenger takes to get from his origin to his destination,
which can be achieved in many different ways in the non-stop design, such as skipping
every station or just skipping a few, hence, we named these options as paths, as it can be
seen in (1), where Dp represents the time it takes to complete a path, and Np, represents the
number of passengers who use the path:

W1 ¼ min
X

p2P
Dp � Np (1)

An important assumption had to be made before running the algorithm. It was necessary
to define how much people could move through a single door over a defined period.
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According to Oh et al. (2016), the passenger flow through a door on urban railways can be
mathematically calculated with (2):

FT ¼ �2:269þ 0:913� Bð Þ þ 0:492� Að Þ þ 0:132� Sð Þ � 0:162� DWð Þ
� 0:030� B� DWð Þ (2)

Where FT represents Flow Time, B indicates the number of people boarding,A signifies the
number of people alighting, S denotes the number of people standing, and DW stands for
door width. According to this formula, we simplified the flow time as one passenger per
second.

Additionally, the components of the train schedule were segregated into three layers.
First, the most fundamental variables defining the locomotive’s movement:

� A – acceleration;
� V – final velocity;
� T – duration; and
� X – length.

Second, the segment, which comprises these four variables. Third, the route, formed by a set
of segments, corresponding in this study to the train’s movement from one station to
another. Figure 6 illustrates a representation of these layers. The segments play a critical
role in constraining the locomotive’s movement. For instance, in the final segment of a route,
the velocity must reach zero to ensure the train halts at its destination. Furthermore, the
total sum of segment lengths within a route should equal the distance between the origin
and destination stations.

As length and final velocity depend on duration and acceleration, such constraints
impose rigid limitations on the segment. Similar constraints are imposed for the coupling
and uncoupling movement of locomotives, necessitating the creation of unconstrained
intermediate segments. Therefore, in our implementation, each route was assigned six to
twelve segments, dependent on its length.

Figure 6.
Representation of the
layers that define a
route
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According to the adopted definitions, a line with seven stations would be split into seven
different routes as shown on Figure 7. When a locomotive completes route1, for instance, it
immediately starts route3. Therefore, a passenger transferring from L2 to L3 is equivalent to
switching from route2 to route3. It is also important to note that route1 and route7 are shorter
than the other routes. This discrepancy occurs only at the first and penultimate stations of
the line and ensures that every station is serviced.

Consequently, a passenger boarding at ST2 without changing locomotives will traverse
routes 3, 5 and 7, forming a path that skips stations ST3 and ST5. Expanding this reasoning
led to the observation that odd-numbered locomotives follow odd-numbered routes, while
even-numbered locomotives traverse even-numbered routes. This principle holds significant
importance in preventing bottlenecks. For instance, if a passenger is aware that their
destination is an even-numbered station, they can proactively switch to an even-numbered
locomotive, thereby avoiding a transfer during a potentially crowded train moment.

3.3 Notation
The primary elements used in the mathematical model are displayed in Table 1. By
interconnecting the decision variables within the constraints, it became feasible to create
train schedules that minimize passenger travel time, guarantee proper locomotive coupling,

Figure 7.
Route assignment to

rail transit line

Table 1.
Mathematical model

notation

(a) General subscripts

p Path indices, p [ P, where P is the set of paths
s Segment indices, s [ S, where S is the set of segments of a locomotive
i, j Station indices, i, j [ R, where R is the set of stations
k Locomotive indices, k [ K, where K is the set of all locomotives, Ke is the set that only includes the

first and last locomotives which have shorter routes, and Kn is the set that contains the remaining
locomotives. Therefore K¼ Ke U Kn

(b) Parameters

Oi,j Number of passengers going from station i to station j
Ei,j Distance between station i and station j
Mi,j Maximum speed between station i and station j
Qi,j Average speed between station i and station j

(c) Decision variables

Tk,s Duration of segment s for locomotive k (seconds)
Vk,s Velocity of segment s for locomotive k (m/s)
Ak,s Acceleration of segment s for locomotive k (m/s2)
Xk,s Length of segment s for locomotive k (meters)
Stayk Time length a locomotive stop at a station (seconds)
Np,i,j Number of passengers going from station i to station j through path p

Source:Authors’ own work
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precise station stops and compliance with speed limits. The following section presents the
mathematical model.

3.4 Mathematical model
3.4.1 Comprehensive model for lines with less than ten stations. On top of the objective
function which was introduced in (1), the following constraints were used in themodel:

Vk;7 ¼ Vkþ1;2 8 k 2 Kn (3)

Vk;8 ¼ Vkþ1;3 8 k 2 Kn (4)

Xk;8 ¼ Xkþ1;3 8 k 2 Kn (5)

Tk;8 ¼ Tkþ1;3 8 k 2 Kn (6)
X

s2Š
Xk;s � Ek�1;k#

X

s2Ş
Xk;s 8 k 2 Kn (7)

Xk;9 � Xkþ1;4 þ 25 8 k 2 Kn (8)

Vk;sþ1 � Vk;s ¼ Tk;s � Ak;s 8 k 2 K;8 s 2 S� 1 (9)

Xk;sþ1 ¼ Tk;sþ1
2 � Ak;sþ1

2
þ Vk;s � Tk;s 8 k 2 K; 8 s 2 S� 1 (10)

X

s2S
Xk;s ¼ Ek;kþ2 8 k 2 Kn (11)

X

s2S
Xk;s ¼ Ek;kþ1 8 k 2 Ke (12)

Stayk �
X

s2Ŝ
Tk;s �

X

s2S
Tkþ1;s 8 k 2 K � 1 (13)

Vk;s#Mi;j (14)

Xkþ1;1 þ Xkþ1;2 þ Xk;8 þ Xk;9 þ Xk;10 þ Xk;11 þ Xk;12

Tkþ1;1 þ Tkþ1;2 þ Tk;8 þ Tk;9 þ Tk;10 þ Tk;11 þ Tk;12
#Qi;j (15)

Dp ¼
X

k2K

X

s2S
Tk;s 8 p 2 P (16)

X

p2 _P

Np;i;j ¼ Oi;j 8 p 2 _P (17)

Tk;s �
X

p2P
Np þ

X

p2P
Np (18)

Constraint (3) ensures that locomotives have the same velocity when they couple, similarly,
Constraints (4), (5) and (6) guarantee that locomotives stay coupled during the segment.
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Constraint (7) ensures that locomotives couple at the same location, where Š represents the
set of segments from the first segment up to the locomotive’s second coupling, conversely, S�
represents the set of segments from the first segment up to the locomotive’s first coupling.
For safe uncoupling Constraint (8) forces locomotives to end up 25 meters apart when they
uncouple. Basic kinematic equations also had to be implemented, to ensure that the
locomotive’s movements are feasible, such as Constraint (9) which defines the final velocity
of each segment and Constraint (10) which defines the length of each segment. Constraints
(11) and (12) ensure that each route ends precisely at the destination station. Constraint (13)
prevents infeasible headways, where Ŝ is the set that includes all segments of k up to
coupling with kþ 1, and similarly, S includes all segments of kþ 1 up to coupling with k.
Some restrictions were implemented so that the simulated operation follows the operation
guidelines of the actual line. Constraint (14) ensures that no segment is faster than the speed
limit for that segment. And Constraint (15) guarantees that the average speed on a section is
not higher than the average speed used at the existing line. Constraint (16) defines the
decision variable Dp, which is the sum of the duration of all segments in a path. Constraint
(17) ensures that the number of passengers going through all the paths departing from one
station to another is equal to the demand in between these stations. _P is the set of all paths
that depart from station i toward station j. Constraint (18) guarantees that passengers trying
to switch from a locomotive to another have time to do so; P is the set of paths where
passengers go through coupling at segment s and switch from locomotive kþ 1 to k,
representing the people moving backwards; and P is the set of paths where passenger
switch from locomotive k to kþ 1.

3.4.2 Adapted model for longer lines. A passenger traveling from the first station to the
20th station in the line faces an array of 219 potential paths, considering the choice of either
stopping or skipping each station. This results in more than one million variables for this
single origin-destination pair, rendering the initial model impractical for longer lines.

To address this, adaptations were implemented for longer lines. First, only two profiles
were devised for origin-destination pairs longer than 14 stations. One profile involves
passengers consistently switching locomotives and skipping every station, while the other
profile entails passengers never switching locomotives and stopping at every other station.
This adjustment significantly reduced the number of variables.

Second, the model was divided into two parts. The first model focuses on minimizing
locomotive travel time by solely considering movement-related restrictions. Meanwhile, the
second model concentrates on minimizing passenger travel time by optimally assigning
passengers to paths determined in the first model.

Although this adapted model is expected to yield slightly inferior results due to a
reduction in variables and the disregard for passenger demand when governing locomotive
movement, it is also acknowledged that in a real-world application, locomotive movements
might not dynamically adapt to changes in passenger demand, and passengers might not
optimally switch locomotives. Hence, this adapted model was deemed suitable for the most
challenging scenarios.

3.5 Solution method
The proposed model for demand-oriented train speed trajectory represents a non-smooth,
non-convex programming problem with the objective function (1) and constraints (3–18).
The non-smoothness stems from constraint (15), while the non-convexity arises from the
nonlinear, non-convex objective function and constraints (9), (10) and (15). Solving mixed-
integer nonlinear problems with these characteristics can be addressed through various
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approaches. In this study, we used Filter, a sequential quadratic programming algorithm
solver provided by theNeos Server (Czyzyk et al., 1998; Dolan, 2001; Gropp andMor�e, 1997).

4. Case study with São Paulo’s monorail line
Initially opened in August 2014, São Paulo’s monorail line, known as Line 15 or the Silver
Line, is projected to span 18 stations once completed. This line was chosen for research due
to its current low demand, primarily because it is still under construction and has yet to
connect high-demand stations. The non-stop system was considered more suitable for lines
with moderate to low demand, largely due to limitations on passenger movement within the
train, which restrict their ability to switch locomotives.

As of the data collection in November 2019, only seven stations were operational: Vila
Prudente, Orat�orio, São Lucas, Camilo Haddad, Vila Tolst�oi, Vila União and Jardim Planalto.
The information was collected at noon and produced two origin-destination (O-D) demand
matrices, one of which is presented in Table 2.

To prevent the simulated line from exceeding the speed of the existing line, the speed
profile was gathered. This data was used to determine the maximum and average speeds
per section. The model’s locomotive speeds per section were restricted by the speed profile
applied in the current line.

The second data set is sourced from BART, providing detailed hourly ridership data
based on origin-destination pairs for rail transit in San Francisco and surrounding counties.
As this data set lacks locomotive movement information, a speed profile was constructed
using estimated travel times from a GPS system and Line 15’s speed profile.

BART’s data set covers six distinct lines: yellow, blue, orange, green, red and beige. It
spans every hour of the year, proving valuable for testing the non-stop design across
various scenarios. According to the APTA’s Ridership Reports (American Public
Transportation Association, 2019), BART records an average weekday ridership of 3,760
passengers per mile, indicating a line with moderate demand byAmerican standards.

4.1 Results and analysis
4.1.1 Operation results of line 15. For Line 15, two simulation cases were conducted, both
with a 90-s headway. Case I simulated the VP-JP direction based on the noon O-D demand
matrix. In Case II, the JP-VP direction was simulated with increased demand to emulate
peak hour scenarios. According to CPTM, 33% of all passengers use the subway system
during peak hours (Companhia do Metropolitano de São Paulo, 2019). Using this insight, a
new O-D demandmatrix was created for the second simulation.

Table 2
OD demand matrix

Origin
Destination

VP OR SL CH VT VU JP

Vila Prudente (VP) 12 6 3 8 14 36
Orat�orio
(OR) 0 0 0 0 2
São Lucas (SL) 0 0 0 0
Camilo Haddad (CH) 0 0 0
Vila Tolst�oi (VT) 0 3
Vila União (VU) 3

Source:Authors’ own work
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The detailed passenger travel times for Case I are presented in Table 3. As anticipated,
longer distances resulted in more time savings, with a few exceptions. For instance, VP-CH
showed greater time savings compared to VP-VT. This disparity arose because in the
latter, 75% of passengers had to stop at SL, while in the former, every passenger reached
their destination directly. For similar reasons, VP-JP demonstrated lower time savings than
OR-JP.

In Case II, the total time savings reduced to 27.61%, as indicated in Table 4. This
decrease occurred because in Case I, only 14.94% of passengers had to stop at a secondary
station during their trip. However, due to limitations on passenger flow through doors,
38.46% of passengers had to stop at a secondary station, and 5.38% had to stop at two
secondary stations in Case II.

The observed time change in the initial and final trips verifies that the developed model
effectively reduces the route’s travel time without elevating the locomotive’s speed beyond
real-case scenarios. In essence, the results underscore the considerable reduction in
passenger travel time on São Paulo’s Line 15.

Table 3.
Time savings line

VP-JP nonpeak
period

O-D
Total passenger travel
time full-stop (seconds)

Total passenger travel time
non-stop (seconds) Time change (%)

VP-OR 1,865.04 1,864.63 �0.02
VP-SL 1,913.52 1,397.27 �26.98
VP-CH 1,279.26 833.69 �34.83
VP-VT 4,314.72 3,315.36 �23.16
VP-VU 9,212.14 5,890.13 �36.06
VP-JP 28,491.48 18,177.04 �36.20
OR-JP 1,212.02 776.10 �35.97
VT-JP 666.27 485.29 �27.16
VU-JP 310.26 310.08 �0.06
Total 49,264.71 33,049.60 �32.91

Source:Authors’ own work

Table 4.
Time savings JP-VP

peak period

O-D
Total passenger travel
time full-stop (seconds)

Total passenger travel time
non-stop (seconds) Time change (%)

JP-VU 274.50 274.53 0.01
JP-VT 858.68 587.57 �31.57
JP-CH 337.84 219.71 �34.97
JP-OR 1,203.02 759.95 �36.83
JP-VP 43,931.80 32,154.13 �26.81
VU-OR 480.01 420.73 �12.35
VU-VP 8,127.12 5,622.71 �30.82
VT-OR 356.84 253.45 �28.97
VT-VP 8,311.35 5,129.03 �38.29
CH-VP 2,585.52 1,835.01 �29.03
CH-VP 5,525.00 4,259.21 �22.91
SL-VP 2,174.25 2,174.71 0.02
Total 74,165.93 53,690.74 �27.61

Source:Authors’ own work
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The correlation between demand and time savings was validated through a comparison
of Case I and Case II. With a 49.43% increase in demand, Case II’s time savings were
reduced by 16.10% in comparison to Case I. As this correlation could become more
pronounced in congested scenarios. We considered lines with higher demand in the next
section.

4.1.3 BART. Two lines were chosen from BART’s data set, yellow line which is 27
stations long and blue line which is 18 stations long. As mentioned in Section 4, the
mathematical model applied to these lines was less robust to deal with the intractability
present in longer lines, hence, as shown in Table 5 the savings for these lines were smaller
than the savings for Line 15.

The results show that the time savings for moderate demand is consistently above 20%,
and even for the worst-case scenario where no transfers are allowed, meaning that
passengers cannot switch locomotives to skip stations, there was still significant time
savings as passengers are bound to skip every other station. Although in practice, they
should yield savings similar to Line 15, the longer paths, which only had two profiles
available as explained in subsection 3.4.2, yielded the worst results due to the limited
number of transfers.

5. Conclusion
Reducing travel time was notably more effective for passengers on longer journeys during
non-peak periods. Interestingly, there was still a significant decrease in travel time for those
traveling short distances during peak hours, highlighting the substantial impact of dwelling
time in stations on total travel time. The results obtained in this study demonstrate that
implementing a non-stop system on Line 15 of São Paulo’s subway system could reduce
total passenger travel time by 27.61% to 32.91% on average demand days. It could also
reduce total travel time by 6%–21% even during the busiest hours on BART’s yellow and
blue lines.

Given that locomotives equipped for a non-stop system are not yet available, this paper
primarily focused on the theoretical and mathematical aspects of such an application.
However, the introduction of such locomotives in the future would undeniably attract more
passengers to the system, given the significant influence of travel time on their choice of
transportation.

Table 5.
Time savings for
BART

Demand
Savings by path length Line total

# 4 >4# 8 >8# 12 >12# 16 >16 Savings Passengers

(a) Blue line
Average �24% �24% �29% �24% �12% �22% 209
Busiest hour �16% �18% �11% �3% 0% �9% 580
Busiest hour NTA* �12% �13% �4% þ1% 0% �6% 580

(b) Yellow line
# 6 >6# 12 >12# 18 >18# 24 >24 Savings Passengers

Average �19% �18% �21% �22% �28% �21% 490
Busiest hour �21% �22% �16% �9% �11% �16% 1067
Busiest hour NTA* �12% �17% �12% �8% �11% �12% 1067

Note: *No transfers allowed
Source:Authors’ own work
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Future research plans involve exploring the potential for adjusting the number of locomotives
in a train to better accommodate demand. For instance, a station with high demand might
have two locomotives stop, provided the departing train has three or more locomotives. This
adaptability could improve efficiency and prevent bottlenecks. Additionally, alternating the
use of non-stop with other systems like skip-stop and full-stop throughout the day and along
the line, based on demand, could be explored. Moreover, the objective function could also
consider metrics like energy consumption and resource usage, quantified by the number of
locomotives used.
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