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ARTICLE INFO ABSTRACT
Keywords: Dynamic traffic demand has been a longstanding challenge for the conventional transit system
Autonomous modular bus design and operation. The recent development of autonomous vehicles (AVs) makes it increas-

Public transit system

ingly realistic to develop the next generation of transportation systems with the potential to
Nonlinear programming

improve operational performance and flexibility. In this study, we propose an innovative transit
system with autonomous modular buses (AMBs) that is adaptive to dynamic traffic demands and
not restricted to fixed routes and timetables. A unique transfer operation, termed as “in-motion
transfer”, is introduced in this paper to transfer passengers between coupled modular buses in
motion. A two-stage model is developed to facilitate in-motion transfer operations in optimally
designing passenger transfer plans and AMB trajectories at intersections. In the proposed AMB
system, all passengers can travel in the shortest path smoothly without having to actually alight
and transfer between different bus lines. Numerical experiments demonstrate that the proposed
transit system results in shorter travel time and a significantly reduced average number of
transfers. While enjoying the above-mentioned benefits, the modular, adaptive, and autonomous
transit system (MAATS) does not impose substantially higher energy consumption in comparison
to the conventional bus system.

1. Introduction

Public transit has been long considered as the key component to develop sustainable transport systems due to competitive ad-
vantages in energy consumption, emissions, and congestion mitigation. Most public transit systems (e.g., buses, trams, light rails,
metros) are operated with fixed routes and timetables, which are tractable for traffic agencies to design, maintain, and optimize.
However, existing studies have identified that conventional transits have inherent limitations in meeting real-time and highly dynamic
demands (Bie et al., 2020; Guo et al., 2017; Li et al., 2020; Ma et al., 2021; Varga et al., 2020; Qu and Wang, 2021), unpleasant travel
experience related to transfers (Tyrinopoulos and Antoniou, 2008), and the vulnerability to bad weather (Tao et al., 2018). To improve
the level of service, continuous efforts have been made to better design transit networks (Cats et al., 2016; Ceder and Wilson, 1986;
Chen et al., 2018; Guihaire and Hao, 2008; Huang et al., 2018; Yan et al., 2013; Bagloee et al., 2011), timetables (Ceder, 1987; Niu and
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Zhou, 2013; Chen et al., 2015; Huang et al., 2016; Sun et al., 2019), bus priority strategies (Wu and Hounsell, 1998; Ma et al.,2013;
Guler and Menendez, 2014), etc. Along with these conventional treatments, several new ideas are proposed to take advantage of the
cutting-edge technology in communication, autonomous vehicle, and control, such as the flexible bus system (Kim and Schonfeld,
2013; Zheng et al., 2019), personal rapid transit (Anderson, 2010), customized bus (Chen et al., 2021; Liu et al., 2015), and auton-
omous modular buses (Chen et al., 2019a). Among these new concepts, the autonomous modular bus (AMB) has recently received
significant attention with the potential to improve flexibility in scheduling and operations, as well as reducing substantial driver labor
costs and alleviating congestions (Hyland and Mahmassani, 2020). Promising progress in related technologies has also made the
implementation of autonomous modular buses increasingly realistic (Qu and Wang, 2021). Many countries have started or scheduled
field tests, such as the United Arab Emirates (Spera, 2016), Sweden (Susilo et al., 2018), China (Shepherd, 2019), Germany (Stein and
Goebel, 2019), and the list goes on. More details can be found in a worldwide survey of recent pilot AMB projects in Ainsalu et al.
(2018).

In the literature, it has been identified that AMB-like flexible transit systems can be very beneficial as a complement to the con-
ventional transit system to provide last-mile or first-mile services but will lose merits when operating in a large scale because of
increased costs and decreased service efficiency (Kim and Schonfeld, 2013; Chen and Wang, 2018). Therefore, it is well recognized that
implementations of flexible transit systems should be limited to small areas with low demand (Nourbakhsh and Ouyang, 2012). In this
paper, we demonstrate that, with the new AMB technologies, this deficiency can be overcome. Specifically, we propose an innovative
transit system comprising AMBs that can adapt to dynamic demands on a large scale with competitive efficiency as an option for future
transit systems.

The very basic idea of any modular transport system is that modular vehicles can be flexibly coupled and decoupled as desired.
Extensive research has demonstrated the benefits of modular vehicles in improving capacity utilization rate, energy consumption, and
providing door-to-door services (Kreutzberger, 2003; Chen et al., 2019a; Zhang et al., 2020). However, in the conventional concept of
modular buses, the coupling or decoupling has to be accomplished at terminus or garages, and no adjustment can be made in operation.
With the promising development of autonomous vehicles, we believe that this constraint can be relaxed by allowing vehicles to couple/
decouple in motion, and further allowing passengers to transfer between coupled modular buses simultaneously (Xu et al., 2020).
Based on this unique in-motion-transfer operation, the proposed transit system can operate with no virtual transfer stops, no fixed
routes, and no pre-determined timetables.

We illustrate the operation of the proposed transit system from a passenger’s perspective in Fig. 1. As shown in the figure, the
passenger is on the black modular bus when departing from the origin point, and the desired path for this trip is to pass intersection A
and B, and then go straight to the destination point. Note that the exemplified path is randomly selected only to illustrate how a trip is
completed in the MAATS system, and it is not necessarily the shortest path. At intersection A, assuming that most other passengers on
the black bus desire to go straight, the passenger thus needs to transfer in motion to the red modular bus, which has decided to turn left
by the wishes of passengers in it. Similarly, at intersection B, the passenger needs to transfer again to the blue modular bus because the
red modular bus is determined to go straight. Afterward, the blue bus will directly deliver the passenger to the desired destination.

The illustrative example in Fig. 1 indicates that the routing of AMBs only depends on the collective decision of passengers, rather
than any pre-determined operating plans. Thus, we can expect that (a) modular buses can pick up any passenger regardless of the
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Fig. 1. An illustrative example of a passenger’s trip in proposed modular bus system.
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destination consistency between the boarding passenger and passengers on board, as long as there are enough spaces; (b) passengers
can get on any random modular bus and will always be delivered through the shortest path. In other words, the proposed system is
designed to inherit both advantages of private cars in terms of door-to-door service and conventional buses regarding shared mobility
and efficient energy use. The transfer strategy is evidently a crucial decision process that largely determines system performance. From
a passenger’s perspective, mandatory transfers even though accomplished inside vehicles are very disrupting and thus should be
reduced to a reasonable number, especially for older and vulnerable passengers. Frequent and complex driving maneuvers, such as
changing lanes back and forth, will also lead to uncomfortable travel experiences and thus should be minimized. To this end, we
develop an algorithm to jointly optimize modular vehicle trajectories and passenger transfer strategies, with the purpose of achieving a
minimum number of passenger transfers and vehicle maneuvers. Based on the developed transfer strategy, we examine the operational
performance from a passenger’s standpoint with comparison to the conventional bus system. More detailed descriptions of the pro-
posed system will be introduced later in Section 3.

The remainder of this paper is organized as follows: Section 2 introduces related studies and identifies research gaps to clarify the
contribution of this study. Section 3 provides comprehensive descriptions of the proposed autonomous modular bus system. The
optimal transfer algorithm is developed in Section 4 followed by a comparative study in Section 5. Section 6 concludes the paper with
discussions.

2. Literature review

The idea of autonomous modular buses falls into the general category of flexible transit systems, which usually feature flexible
routes and/or flexible timetables. Conventionally, such systems are adopted to low demand areas or to as first/last mile services where
operational costs for mass transit systems are excessively high (Shen et al., 2018). In this area, a major research interest is the joint
design of conventional and flexible transits (Narayan et al., 2020). Kim and Schonfeld (2013) proposed a mixed bus system with both
conventional and flexible buses in a scenario with a traffic terminal and several local destinations. Case studies demonstrated that, by
optimally integrating different kinds of bus services, the total operational costs could be significantly reduced compared with several
other conventional bus systems. In the same context, they further investigated the merits of such integrated systems with various
objectives and techniques, including timetable synchronization (Kim and Schonfeld, 2014), system welfare optimization (Kim and
Schonfeld, 2015), and optimal service zone design (Kim et al., 2019). Guo et al. (2018) proposed a market entry-exit real options model
to dynamically switch between a fixed and a flexible mode for last-mile services in a many-to-one region.

Other studies focus more on the system development of flexible transits as an exclusive service. Nourbakhsh and Ouyang (2012)
developed a structured flexible transit system in which each bus operates in a predetermined area, while service zones of different
buses form hub-and-spoke and grid networks. Comparative studies to conventional systems, such as fixed-route transits and taxi
service, found that flexible bus systems are more likely to be beneficial under low-to-medium traffic demand. Frei et al. (2017)
implemented a stated-preference survey to identify potential users of flexible transits and help better design future public transport
systems. The survey revealed that pick-up at home services are highly desirable for flexible transit, and passengers who are currently
using public transit or bikeshare members are more inclined to shift to the innovative flexible transits. Among these emerging flexible
transit services, the costumed bus (CB), personal rapid transit (PRT), and the autonomous bus system are quite notable.

Different from the above-mentioned flexible transit systems that are implemented in low-demand areas, the costumed bus is
subscription-based and mostly aiming at excessive demand areas. The general form of CB has been implemented in many countries,
such as UK, Italy, US, and China (Brake et al., 2007; Liu and Ceder, 2015; Lyu et al., 2019; Chen et al., 2020; Liu et al., 2020). The CB
systems aim at a group of passengers that have similar demand in time and space but do not have direct and fast access to conventional
transits (Tong et al., 2017; Qiu et al., 2019; Lyu et al., 2019; Huang et al., 2020). Typical customers of the CB service could be
commuters that work in the same community and live in the same neighborhood. To order a CB service, a passenger needs to subscribe
first by providing the desired pick-up location, destination, and departing time. A CB line will then be assigned which the passenger can
choose to deny or accept. If accepting, the passenger will be picked up at the agreed departing location and transported directly to the
desired destination with many other passengers sharing the ride, during which there will be very few or no stops. Due to the sub-
scription feature, the demand for CB systems is largely known which enables optimization on vehicle routing and passenger assign-
ment. In this regard, Tong et al. (2017) developed a multi-commodity network flow-based model to optimize the utilization of
customed buses to reach long-term profitability. To address the demand data availability problem which may be encountered when the
CB service is in the planning stage or has just been initiated, Lyu et al. (2019) proposed a bus-line planning framework that is applicable
to travel data sources. The framework consists of a demand prediction module, a bus stop planning module, and a bus scheduling
module. Case studies demonstrated that the proposed framework could help attract more potential passengers. Comprehensive reviews
on the field implementations of CB can be found in Mageean and Nelson (2003) and Brake et al., (2007).

Personal rapid transit (PRT) is another public transport system that provides on-demand and nonstop services in an exclusive
guideway network (Anderson, 2010). Similar to the recently emerging autonomous modular buses, PRTs are also operated with small
and automated vehicles, but its popularity could date back to the 1970 s (Irving et al., 1978). Since then, multiple PRT systems have
been implemented in the United States (Sproule and Neumann, 1991), Korea (Suh, 2001), Sweden (Tegner et al., 2007), England
(Lees-Miller and Wilson, 2012), and the United Arab Emirates (Mueller and Sgouridis, 2011). Mueller and Sgouridis (2011) conducted
a simulation-based analysis on the service and energy performance of a PRT system to be operated throughout the Masdar City in Abu
Dhabi. Based on the simulation results, the planned PRT system should be able to support normal demands but needs a reserved fleet to
handle demand spikes caused by special events. The study also reveals the importance of guideway network design. To this end, Zheng
and Peeta (2015) develop an optimal network design algorithm to minimize guideway construction and passenger waiting time. The
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designed network could also favor transit-oriented development to further reduce residents’ dependence on private vehicles. Another
possible issue with the PRT system that has been identified is related to the occupancy rate. A PRT vehicle designed for six passengers
may only load 1.1 to 1.3 people (Carnegie and Hoffman, 2007), leading to a considerable waste of capacity. Chebbi and Chaouachi
(2016) addressed this problem by developing an integrated redistribution model to jointly minimize empty movements and the
number of occupied vehicles. The developed PRT system is also compared with other traffic modes through numerical experiments,
which demonstrate the benefits of PRT in terms of travel speed and energy consumption.

Despite the pioneering use of automated vehicles and successful operations in several cities, the PRT system did not get widespread
in the world. One major concern of initiating a PRT project is the cost of building guideways and the subsequent influences on other
traffic participants. Existing studies estimate that guideways account for a large portion of the total construction cost (Yoder et al.,
2000; Zhen and Peeta, 2015). In addition, the guideways will prune an isolated part out of the city land, which inevitably destroys the
completeness of traffic networks, leading to decreased network capacity, longer travel time, and congestions. Therefore, existing
implementations of PRTs are usually limited to close environments such as airports and school campuses.

There was a need for the guideway for safe operations of automated vehicles in the 1970 s, but it is not necessarily true in the near
future since guideway-free automated vehicles are increasingly ready for open environments. The removal of guideways could also
substantially expand the region of service and reduce operational costs. In this regard, the proposed autonomous modular bus system
can be considered as an evolved version of the PRT in the modern era. Even though the concept of autonomous modular buses is new,
several existing studies have already investigated key problems of designing and implementing such public transit systems (Cao and
Ceder, 2019; Chen et al., 2019a; Chen et al., 2019b; Shi et al., 2020). One notable benefit of modular buses has been identified in
addressing oversaturated or highly fluctuated demands (Chen et al., 2019a; Chen et al., 2019b; Dai et al., 2020). It can be concluded
that substantial operational benefits can be achieved even simply by adopting the “modular” feature (i.e., multiple bus units can be
coupled and decoupled flexibly). Very recently, Hyland and Mahmassani (2020) conducted a comprehensive operational analysis of
shared-ride automated mobility-on-demand services, one possible form of which could be the autonomous modular bus system
investigated in this paper. Their study points out that allowing shared-rides significantly improves operational efficiency, but extra
attention should be paid to curbside pickup time as it is a significant influencing factor to the system performance.

For an innovative type of bus with above mentioned benefits, related studies are still scarce. Most existing studies are conducted in a
line-based scenario, i.e., addressing dispatching and flexible capacity design problems in a single bus line (Chen et al., 2019a; Chen
etal., 2019b; Shi et al., 2020; Dai et al., 2020). Very few studies, such as Hyland and Mahmassani (2020), investigate the problem as a
complete transport system at the network level. However, in Hyland and Mahmassani (2020), the shared-rides is performed in a sense
of car-sharing (e.g., the services Uber and Lyft provided in Pratt et al. (2019)) rather than in a public transport fashion.

Despite existing flexible transit systems can be very beneficial, they share a common limitation, that is they are complements to the
conventional transit system rather than a complete system. In other words, those flexible transits are only applicable to very specific
scenarios limited by demand (Nourbakhsh and Ouyang, 2012), space/time (Shen et al., 2018; Kim and Schonfeld, 2015), or patterns of
passengers (Huang et al., 2020). The current practice of a mixed system is an intuitive solution to take both advantages of conventional
and flexible transits but inherently has to be a centralized and elaborately designed system to work efficiently, which is hardly scalable
and adaptive to highly dynamic traffic demands. Thus, there is a need for an innovative transit system that is scalable and adaptive to
most traffic scenarios, and the autonomous modular bus system seems like a promising solution.

Although we have witnessed promising developments of autonomous modular buses in recent years, several research gaps are
notable. First, the coupling and decoupling of modular buses have to be accomplished at terminus or garages in most existing studies.
This means that no adjustments to capacity or passenger reassignments can be made during service, losing the opportunity to better
match dynamic demands. In-motion transfers enabled by AMBs show the possibility of minimizing stops/off-vehicles transfers, which
could significantly shorten travel time. In view of this, the benefits of allowing passenger to transfer in-motion need to be explored.
Second, most existing studies explore the merits of AMBs merely as an innovative type of vehicle that could enable flexible bus capacity
in scheduling problems. Transit systems with AMBs are still operated in the same way as conventional bus systems and thus inherit the
limitations related to fixed routes and timetables. It is thus imperative to develop a more flexible transit system with no fixed routes and
timetables, taking the best advantage of autonomous modular vehicles. Last but not the least, existing studies indicated that flexible
transit systems are only suitable for limited scenarios, such as small service zones or low demand areas, and therefore mostly serve as a
complement to conventional transits. Whether a complete public transit system with only autonomous modular buses is beneficial
remains unknown. How passengers should transfer efficiently in such a complete public transport system is vital yet unaddressed.

To bridge those aforementioned research gaps, we propose a modular, adaptive, and autonomous transit system (MAATS) operated
exclusively with AMBs that is designed to provide door-to-door service on a large scale with comparable efficiency to the conventional
bus system. The contributions of the present paper are as follows:

1. For the first time, the MAATS is developed as a complete system that is adaptive to traffic demands in a real-time manner with
neither fixed routes nor off-vehicle transfers.

2. We propose an optimal in-motion transfer strategy to minimize passenger transfers and AMB movements and also guarantee that all
passengers travel in their shortest paths, respectively.

3. We evaluate the performance of the proposed system from the passengers’ perspective through numerical experiments. Some
unique features of the AMB system are revealed and influencing factors on the operational efficiency are examined. A comparative
study is also conducted against a conventional bus system in an urban grid transit network to demonstrate the efficiency of the
proposed system.
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3. Problem statement
3.1. Assumptions of the system

In this study, the proposed AMB-based transit system is assumed to have the following operational assumptions:

- Passengers need to specify their destinations through a mobile application, after which the shortest path for each passenger will be
generated and executed by one or multiple AMBs.

- Passengers can get on any modular bus regardless of destinations of on-board passengers.

- If multiple AMBs are needed, the passenger will be directed through the mobile application to transfer in-motion between AMBs
during the journey, and they follow all recommendations.

- In-motion transfers only occur between vehicles on the same lane before intersections where vehicles may then separate from each
other to different destinations, such as signalized intersections and highway ramps.

- All modular buses are homogeneous with openable front and back doors to facilitate in-motion transfers.

- The number of AMBs are assumed to be sufficient in each road link to perform in-motion transfer and serve all passengers.

Based on the above assumptions, we introduce key operations of the proposed system. Note that in this paper, the purpose is to
introduce the concept and basic operations of an innovative transit system, with no intention to elaborate on the details which need
extensive future studies. Therefore, those intuitive assumptions are made only to complete the illustrative MAATS, while different
approaches can certainly be adopted in practice.

3.1.1. In-motion-transfer

It is apparent that the in-motion transfer feature is a vital component of the proposed system. The operation of an in-motion transfer
between two autonomous modular buses is illustrated in Fig. 2. Two AMBs driving on the same lane will attempt to adjust their speed
to an identical speed, and then physically couple to each other. After a stable connection is established, interior doors will open and
allow passengers to transfer from one modular bus to another. It is notable that such kinds of modular vehicles are already technically
available and have been tested in practice (Spera, 2016).

The benefits of modular buses are threefold. First, in-motion transfer can balance the ridership between coupled buses by allowing
passengers to move between modular buses. This leads to a better use of the available capacity, avoiding the commonly seen phe-
nomenon in conventional systems that one bus is overloaded while the following bus is almost empty. Second, modular buses enable
passengers to travel along the shortest path without off-vehicle transfers, as illustrated in Fig. 1. Third, the in-motion transfer feature is
vital to provide service in a public transit form, without which each passenger will only be served by one AMB in the entire trip, and
this AMB can only pick up passengers with similar destinations. In such conditions, the system will actually be downgraded to the
customized bus or the ride-sharing system.

(a) Two modular buses prepare to attach / (b) Two modular buses are physically attached

(c) Interior doors open (d) Passengers transfer between modular buses

Fig. 2. Passengers transfer between coupled modular buses in motion (Sources: https://www.next-future-mobility.com/home.
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3.1.2. Passenger and AMB movements at intersections

Consider a platoon of AMBs approaching an intersection, as illustrated in Fig. 3. Even though each autonomous modular bus may
carry passengers heading to significantly different destinations, there are only three local destinations at the current intersection, i.e.,
turning left, going straight, and turning right. Since AMBs are not operated with pre-determined fixed routes, the movement of each
autonomous modular bus is not pre-determined at any intersection. This feature brings flexibility in assigning passengers and routes to
modules, but also a very challenging problem of how to jointly assign AMB movements and make transfer plans to re-assign passengers
with same turning needs to the same buses. Notably, the turning needs of passengers at each intersection are known basing on their
origin and destination (OD) information.

In this paper, we develop an optimal transfer algorithm (see Section 4) to minimize the total number of passenger transfers and
AMB movements. With the developed model, taking Fig. 3 as an example, each autonomous modular bus will be assigned with a
turning direction and driving trajectories for the current intersection, and passengers will get instructions on the transfer plan, e.g.,
which AMB they should transfer to and when to start the transfer. The local trajectories of different AMBs are designed to jointly
facilitate in-motion transfers so that passengers can be well separated and transfer to the target AMBs at the current intersection.

Theoretically, the in-motion transfers can be completed on any size of roads. However, in extreme conditions when the road link
between intersections is exceptionally short, there is a possibility that the in-motion transfer cannot be completed in time. In such
scenarios, some passengers will have to take a temporary detour at this intersection, similar to the capacity shortage phenomenon
introduced in Appendix A. We believe that such scenarios are rare in practice and thus did not address them in this paper

3.2. The In-motion transfer problem

With the setup described in Section 3.1, the proposed transit system shows the possibility of providing comparable door-to-door
services to taxies in a public transport form. Although we only present a conceptual description of the system, it is evident that the
MAATS is operated on the basis of in-motion transfer operations, which essentially enable flexible routes of AMBs and passengers to
travel smoothly. The in-motion transfer operations determine AMB trajectories and passenger movements at intersections, in-
terchanges, etc., and thus highly impact the operational performance of the system. An efficient strategy to consolidate AMB and
passenger movements is necessary to improve system performance.

To this end, the present paper promotes the development of the MAATS by addressing the key in-motion transfer problem. Spe-
cifically, we aim at proposing an optimal in-motion transfer strategy to minimize the totally number of AMB movements and passenger
transfers, due to concerns about overcomplicated AMB maneuvers and too many transfers for passengers. It is notable that a global
optimization of the total number of transfers for entire trips of all passengers entails complete information of highly dynamic and
stochastic demands, which is generally intractable in practice. Therefore, we only perform local optimal operations at each intersection
and then examine the network-level performance with numerical experiments.

4. Methodology

In this section, we develop a two-stage model to optimally design AMB trajectories and passenger transfer plans at a signalized
intersection, as illustrated in Fig. 3. The developed method can also be applied in other infrastructures such as interchanges and ramps.
The objectives are minimizing the total number of passenger transfers and the number of AMB movements, i.e., the number of bus
maneuvers to perform in-motion transfers, respectively.

Initial condition MBs are well organized on
their desired turning lanes

:

MB: attach and detach
according to movement
directions at the signalized
intersection.

@ Attached MBs
i @ Detached MBs

Fig. 3. The joint problem of passenger transfer and AMB movements at intersections.
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The difficulty of this problem lies in the complexity of the in-motion transfer operations, especially when the routes of AMBs are not
predetermined. On one hand, the turning direction of AMBs largely determines the transfer targets of passengers and thus the number
of transfers that we seek to optimize. On the other hand, passengers’ destinations put hard constraints on the movements of AMBs, as
the in-motion transfers have to be performed to separate passengers at intersections. To this end, we develop a two-stage model in
which the first stage problem seeks to minimize the total number of passenger transfers as introduced in Section 4.1. In the second
stage, the optimal bus trajectory design problem is addressed which will be introduced later in Section 4.2. Solving the passenger
transfer problem first indicates that we grant higher priority to passengers since the focus of this study is to evaluate the new system
from the passenger’s perspective.

Without loss of generality, we presume that a platoon of AMBs is approaching a D-leg signalized intersection on a multi-lane city
road. There are passengers that desire to go to all the legs of the intersection, corresponding to D turning directions. The following
assumptions are also made: (1) at the intersection, each passenger needs to transfer in-motion for at most one time to achieve comfort
travel experience, especially for elder and vulnerable people; (2) all AMBs drive in the same speed during in-motion transfers. For
convenience, we define the sets of AMBs as.” : = [1, 2, ---I], the turning direction indexed by & : = [1, 2, ---D], and the number of time
steps as .% := [0, 1, ---K].

4.1. Stage one: Optimization of the number of passenger transfers

With the assumptions and setups mentioned above, in this stage, we seek to minimize the total number of passenger transfers. The
objective function is formulated as

1 D
min > (1 = myg)nl, €h)

Where n; means the number of passengers that desire to turn to direction d in the initial condition, and m;4 € {0,1} indicating
whether the AMB i will turn to direction d. Specifically, m;q = 1 indicates that AMB i will turn to direction d, while m; 4 = 0 means that
the AMB i will not turn to direction d. The objective function in Eq. (1) represents the total number of passenger transfers.

To constrain that each autonomous modular bus can only be assigned with one turning direction, the following formula is used

D
D> omg=1,Yies (2)
d=1

Furthermore, we deploy the following constraint to guarantee that there is enough capacity for all groups of passengers, where c is
the capacity of AMBs.

1

Zc-mm > El:n?_d,Vd IS 3)

i=1 i=1

Remark 1:. In practice, there may be extreme conditions when the platoon capacity is insufficient for separating passengers and violate this
constraint. Since we have assumed in Section 3 that the number of AMBs are sufficient for in-motion transfers, such extreme conditions are not
considered in the present paper. Instead, we provide a complete solution to minimize the number of detour-passengers and also the number of
transfers in the Appendix A to address this problem.

The optimization problem formulated in Eq. (1) to Eq. (3) is an integer linear programming problem that can be easily solved by
most commercial solvers. In this paper, we applied the IpSolve package in R (the programming language for statistical computing) to
solve the above integer linear programming problem.

[ | _-_l Driving direction
m i | . i

>

Fig. 4. Discretization of the autonomous modular bus platoon.
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4.2. Stage two: AMB trajectory optimization

Based on the results from stage one, each AMB will be assigned explicitly with a turning direction at the current intersection. The
subsequent question is how to optimally match passengers with AMBs and make transfer plans accordingly. Therefore, in this stage, the
objective is to minimize the total number of movements of AMB that are required to complete the in-motion transfers. For the con-
venience of modeling, we investigate the problem in a discrete grid system relative to the identical speed, as shown in Fig. 4. Spe-
cifically, we discretize the road space into several homogeneous cells and assign AMBs to cells according to their midpoint. The
purpose of this discretization is to facilitate the optimization of AMB trajectories, which will be introduced later in this section. With
the discretized grid system, the objective function can be formulated as Eq. (4).

K-1 1

where xf ;and y{{d are coordinates denoting the relative lateral and longitudinal positions of autonomous modular bus i in time step k
in the grid system. For instance, the location of the red bus in Fig. 4 will be denoted as (1,4).

In addition, the following constraints are introduced.

(1) Vehicle dynamics are constrained with Eq. (5) to Eq. (7), which define possible movements of each AMB at each time step, i.e.,
either changing one lane, moving forward or backward by one cell, or remaining the current position.

K |1 if lane changes, . , o s
by — _{ 0 otherwise Vi€ s.de Pkeo1,K—1] (5)
k1 k[ 1 if accelerate/decelerate, . o> e
[Via il {0 otherwise WVie s,de I,kel0,1,-K —1] (6)
W =X ey =y =0Vie s de T ke 0,1, K —1] @

(4) Eq. (8) defines the final states of AMBs and passengers. Specifically, all AMBs are in desired lanes, and passengers are completely
separated according to their turning needs.

Xo=dmg=1,n =0Vie 7, d#edec (€))]

(5) The in-motion transfer behavior is modeled as follows. If two AMBs with the same turning direction are coupled, taking left-
turning as an example, then only passengers with left-turning needs will move between two AMBs, with the purpose of balancing
passenger load, as shown in Eq. (9). Note that other balancing strategies can also applied in our framework, such as empty of the
modular buses. However, if two AMBs with different turning directions are coupled, passengers will move to their target AMBs ac-
cording to turning needs, as defined in Eq. (10) to Eq. (13).

Ifx;fd :xl’fe,|yfd—y}‘_e| =1, mg=mj =1, andd =e,

S

(S "f‘{,dJr”,kzé et o . .y
W = |y [ =nl,+n, —nl) Vije 7 dee T Vke F\K ©)

If

X :xf._d,|y:d —y]]?:d\ =1, mg=m,=1, and d # e,

id

o —max( w4l ) Vije s, dee T ke #\K (10)
k“—max(rzd-‘rnj]ﬁd—qO) Vi,j€ ./ de € I ke FZ\K 11
! <n +r, >Vl}€7de€ 7.k e F\K (12)
nt! *max(nf.“eqtn;.‘_efc,O) Vi,je.s,dec T,ke F\K (13)

(6) Eq. (14) defines that if two AMBs are not located closely in the longitudinal direction, then no in-motion transfer happens.
If

B '
Iyi.d_yj]“,dl #1
nﬁf;l:nkdnjk;l—njthje/deE ke x 14)

By carefully examining the problem modeled in Eq. (4) to Eq. (14), we found that the problem can hardly be solved directly with
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commercial solvers, although we have a clear nonlinear programming formulation. The major reason is that the number of time steps
required to complete in-motion transfers is unknown. This means that the number of decision variables, e.g., the location of AMBs and
passenger states at each time step, is non-deterministic, leading to a challenge to use commercial solvers which usually requires a static
number of decision variables (Raidl and Jakob, 2008). A natural thought for addressing this problem is to use an iterative method over
the decision variable K, i.e., iterating K from one to a pre-defined large value and solve Eq. (1) with each iterated value of K. However,
this iterative approach will introduce another issue related to a huge number of variables in applying solvers. Specifically, taking K =
10 as an example and further assume that there are 10 AMBs in total, the number of decision variables in this iteration alone can come
up to 200 (10*10*2 = 200), which makes it inefficient to code and solve with commercial solvers.

To this end, we develop a solving algorithm to find optimal solutions for the AMB trajectory optimization problem. Recall that, in
this stage, we seek to find optimal and cooperative trajectories for all AMBs with the purpose of facilitating in-motion transfers with
minimal vehicle movements. Therefore, this is essentially a vehicle cooperation problem with unique constraints in a discrete grid
system, which falls in the general category of sorting problems defined by Wu et al. (2020). However, the sorting algorithm in Wu et al.
(2020) only addresses vehicle movement problems with no consideration of passenger movements. Thus, we develop a new model to
address the cooperative design of vehicle trajectories and passenger transfer plans. A detailed description of the sorting algorithm is
presented in the supplemental file for interested readers.

The very basic idea of the proposed algorithm is to consider the system state, which is jointly defined by AMB permutations and the
composition of passengers with different turning needs in each AMB, as a node in a virtual graph. Any change to the AMB permutation
or the passenger state will generate a new system state and thus a new node in the graph. The cost of changing from one state to another
can be considered as the weight of arc linking two nodes that represent those states. Therefore, all system states and corresponding
costs jointly constitute a graph and finding the optimal solution for the cooperative trajectory design problem is equivalent to finding
the shortest path in the modeled graph, as shown in Fig. 5. In this paper, we apply the A* algorithm proposed by Hart (1968) in finding
the shortest path, which uses a heuristic function to direct the searching. Constraints defined by Eq. (5) to Eq. (14) will also be used to
further prune out graph branches and thus improve searching efficiency, and the algorithm will terminate when Eq. (8) is satisfied.

In the A* algorithm, each graph node will be marked with a value of cost function, which represents the estimated length of the
shortest path if incorporating the current node. In this study, we define the cost function as:

1

1 D k
(@) =My (1=miy) (=) + D0 D (! =yl bS =) as)
P

i=1 d=1 i=1
19

H(a) :Mi i(l —m:d)nf_d +Z

F(a) = D(a)+ H(a) (20)

D
xﬁd - E d'mi,d
a=1

where F(a) is the estimated cost function marking the current nodea; D(a) is the length of the path from the initial node to node a,
and H(a) is the heuristic function.

In A* algorithms, the definition of the heuristic function largely determines the optimum performance of the algorithm. In this
paper, the first term in Eq. (19) denotes the total number of passengers that need to transfer at time step k, and the second term

Fig. 5. An illustration of the graph state space.
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represents the deviations of all AMBs from their desired lanes measured in a Manhattan distance manner. The parameter M is used to
prioritize passenger movements and thus guarantee to achieve the optimal solution. We prove that the heuristic function in Eq. (19) is
admissible in Appendix B, which means that the developed A* algorithm is optimal according to Hart (1968).

5. Numerical experiments

In this section, we report the results from several numerical experiments to illustrate the operation of in-motion transfer and
examine the operational performance of the proposed AMB-based transit system through a grid road network.

5.1. In-motion transfer before an intersection

Consider an autonomous modular bus platoon as shown in Fig. 6. In the initial state, passengers with different turning desires are
mixed in each autonomous modular bus. Since the proposed transit system operates without fixed routes, the turning decision at
intersections of each AMB is not pre-determined. Instead, the turning directions are determined by the stage one problem. It turns out
that AMB 1 and 4 need to turn left, and AMB 2 and 5 turn right, with AMB 3 to go straight.

Based on the proposed algorithm, AMB trajectories are designed to optimally perform in-motion transfers with minimal vehicle
movements. As shown in Fig. 6, through two in-motion transfers involving all five autonomous modular buses, passengers are
separated into three groups in exclusive AMBs according to their turning needs. In the case study, thereare 18 (3+4+6 +3+2=18)
passenger transfers in total, and the average number of transfers per person equals approximately 0.35 (18/51 ~0.35). For a con-
ventional bus serving the same group of passengers, there will be at least 34 off-vehicle transfers, counting both alighting and boarding,
which leads to an average number of transfer times of 0.67.

5.2. Operational performance in a grid network

In this section, we examine the operational performance of the proposed transit system from the passenger’s perspective in a grid
network as illustrated in Fig. 7. A conventional bus system is also operated separately with the same traffic demand in the same
network as a benchmark. A major purpose of this case study is to address the intuitive concern that this flexible transit system may
result in an excessive number of transfers on long trips, leading to unpleasant travel experiences and thus is impractical. Therefore, the
average number of transfers (in-vehicle for AMBs and off-vehicle for conventional buses) and travel time are selected as the measure of
performance. Common experimental setups in both groups are listed as follows:

e Passenger origins and destinations are endpoints of the network. In other words, internal demands are not considered for
convenience.

e The link travel time between intersections is identical and equal to four minutes for both conventional buses and AMBs. In this

study, we assume fixed link travel time for both conventional and modular buses to focus on the comparative analysis of these two

modes. In practice, we can expect that AMBs drives with comparable speed to taxies which are normally faster than buses (SPECS,

n.d.).

We further assume that the road links are long enough so that in-motion transfers can always be completed.

Initial condition Step 1 Step 2 Step 3 Step 4

B Attached AMBs
@ 8 Detached AMBs

Number of Passengers in each AMB.
1] Initial Step 1 Step 2 Step3 Step4 Direction
L T R L T R L T R L T R L T R
AmB1 | 8 3 0 9 0 ) 9 0 0 9 0 0 9 0 0 Left
AmB2 | 0 a 7 0 4 7 0 a 7 0 0 7 0 0 7 Right
AmB3 | 3 6 3 0 12 3 0 12 3 0 18 ) 0 18 0 Through
AmMB-4 | 8 3 0 10 ) 0 10 0 0 10 0 ) 10 0 0 Left
AMBS | 0 2 4 0 2 4 0 2 4 0 0 7 0 0 7 Right
L- left-turning p g T- through-going p g R- right-turmning passengers.

Fig. 6. In-motion transfer at a signalized intersection.
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ﬂ Bus stations
5

Fig. 7. Road network in the experiments.

e Passengers seek to travel in shortest paths in terms of travel time.
e The intersection delay is equal to one minute for both conventional buses and modular buses.

For the conventional bus group, every five minutes, a bus carrying a certain number of passengers will depart from each of the end
points in the network. The bus enters the network from one of the endpoints and always adopts a route of a straight line until it reaches
the other endpoint in the opposite direction, meaning that the conventional buses always go straight at intersections. The dispatch
headway is used to optimally synchronize buses from different routes, which is commonly considered as an optimal timetable strategy
in existing studies (Ceder et al., 2001; Yap et al., 2019). With the synchronized timetable, most buses would arrive at intersections at
the same time and wait at the bus station for the same time duration. Therefore, passengers could transfer seamlessly at bus stations,
and the transfer time in the conventional group is minimized. We further assume that the capacity of the conventional bus is 90
passengers (42 seats) according to the current bus model Volvo 7900.

For the autonomous modular bus group, every five minutes, a platoon of six AMBs carrying the same number of passengers will
depart from each of the endpoints in the network. Instead of off-vehicle transfer, the AMBs perform in-motion transfer and directly
deliver passengers to their destinations. Several scenarios are simulated to investigate the performance of AMBs in various demands.
We further assume that the capacity of each AMBs is 20 passengers (7 seats) according to the current test AMB model from NEXT Future
Transportation inc.

5.2.1. Homogeneous demands

In this case, the demand between each pair of origin and destination points is identical. Specifically, there are 42 passengers in each
conventional bus, and the average ridership in each AMB is 7 passengers, ranging from 5 to 9 passengers. Theoretically, there are 7 x 8
= 56 different trips with different origin and destination points. However, with homogeneous demand, several trips from symmetric
OD pairs are inherently the same, such as the trips from station 1 to station 8 and station 5 to station 4. In this regard, 14 representative
trips are selected to compare the performance of two groups. A simulation result of two hours is presented in Table 1.

The experiments show that the average travel time of the AMB group is 14.7 min, which is 16.6% less than the conventional bus
group. More importantly, in such a network scale, the average number of transfers in the AMB group is 0.90, significantly smaller than
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the conventional bus group (1.06). This demonstrates that the proposed transit system could provide comparable or even better service
than the conventional bus system. Furthermore, we have a particular focus on the average number of transfers on long trips. Sur-
prisingly, trip 11 has the longest travel time but results in a smaller number of transfers compared with most of the other trips,
especially considering the fact that passengers of trip 11 have passed through three intersections. However, there are eight passengers
in trip 11 that experience three transfer times, which account for 26.7% of three-transfer passengers in all OD pairs. Nevertheless,
considering that the percentage of three-transfer passengers is only 1.4% in trip 11 and 0.4% on all trips, we believe this is acceptable
in practice with proper incentives.

5.2.2. Heterogeneous demands

In this case study, we increase the demand for trip 5 by seven times and examine the system’s response to such a surge in demand.
The results are presented in Table 2. It can be found that the average number of transfers for trip 5 is significantly reduced while the
average number for all trips remains stable. This indicates that the proposed system has an adaptive ability to heterogeneous demands,
without the need for demand prediction or centralized control. In other words, the system will automatedly assign more AMBs to trips
with higher demand and maintain a reasonable level of service. The demands of multiple OD pairs are further changed to present
results of more complicated heterogenous scenarios, as shown in Table 3. It can be found that the pattern is clear and consistent with
that in Table 2, that is, passengers of the mainstream (with higher demand) always experienced a smaller number of transfers. It is also
notable that in all 4 new cases, the AMBs remains a stable performance, further demonstrating the system’s adaptive ability to demand
variations.

We also increased the demand for all trips by the same amount of value, but the system performance remains stable. This phe-
nomenon indicates that the performance of the

proposed transit is only sensitive to ratios of demands instead of absolute demands, as long as the capacity is sufficient.

5.2.3. The capacity and number of autonomous modular buses

In this case study, we vary the capacity of autonomous modular buses while maintaining the same traffic demands and examine the
system performance. The results are shown in Table 4. It is evident that increasing the capacity cannot improve system performance.
However, when the capacity of each AMB is reduced in the simulated scenario, the capacity shortage phenomenon started to occur. We
summarize the frequency of such phenomenon in 100 simulations over different capacity setups under the same demand level, as
shown in Table 5. The results in Table 5 suggest that the occupancy rate of AMBs should be carefully examined to avoid capacity
shortage. Otherwise, certain incentive policies should be made to compensate detour passengers.

We further increase the number of AMBs and also maintain the same level of demand. The results are provided in Table 6. It can be
found that increasing the number of AMBs leads to a substantial decrease in the average number of transfers. In extreme conditions
when there are a huge number of AMBs, the system has a comparable performance to private cars, featured by zero transfer times.

The results in Table 4 and Table 5 also jointly indicate that, for the proposed system, increasing the fleet size is a more effective and
flexible treatment against high demand and may not increase energy consumption. The major reason is that increasing modular bus
capacity cannot improve the flexibility of in-motion transfers at intersections, while a larger fleet could better facilitate such
operations.

6. Conclusion and discussion

In this study, we propose an innovative transit system with autonomous modular buses that is adaptive to dynamic traffic demands

Table 1
Travel time and the number of transfers under homogeneous demands.
ID Modular Buses Conventional Bus
0 transfers 1 2 3 Passenger avg transfer avg travel time avg transfer avg travel time
transfer transfers transfers # * (mins) (mins)

All trips 2209 3879 1397 30 7515 0.90 14.7 1.06 17.09
trip_1 214 353 0 0 567 0.62 9 1.00 10
trip_2 127 309 124 0 560 0.99 14 0.00 15
trip_3 189 326 86 0 601 0.83 14 1.00 15
trip_4 219 213 95 8 535 0.80 19 1.00 25
trip_5 187 240 82 10 519 0.84 19 2.00 25
trip_6 115 269 176 0 560 1.11 14 1.00 15
trip_7 110 269 133 0 512 1.04 14 2.00 15
trip_8 135 293 78 0 506 0.89 14 2.00 15
trip_9 143 305 79 0 527 0.88 14 1.00 15
trip_10 194 215 88 4 501 0.80 19 1.00 25
trip_11 235 241 70 8 554 0.73 19 1.00 25
trip_12 126 303 108 0 537 0.97 14 0.00 15
trip_13 105 274 145 0 524 1.08 14 1.00 15
trip_14 110 269 133 0 512 1.04 9 1.00 10

" average number of transfers, defined as the total number of transfers divided by the total number of passengers.
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Table 2

A performance comparison between the homogeneous demand scenario and the heterogeneous demand scenario.
D Homogeneous demands Heterogeneous demands

0 transfers 1 transfer 2 transfers 3 transfers passenger avg transfer avg travel time (mins) avg transfer

All trips 2209 3879 1397 30 7515 0.90 14.7 0.85
trip_1 214 353 0 0 567 0.62 9 0.63
trip_2 127 309 124 0 560 0.99 14 0.99
trip_3 189 326 86 0 601 0.83 14 0.99
trip_4 219 213 95 8 535 0.80 19 0.85
trip_5 187 240 82 10 519 0.84 19 0.52
trip_6 115 269 176 0 560 1.11 14 1.04
trip.7 110 269 133 0 512 1.04 14 1.03
trip_8 135 293 78 0 506 0.89 14 0.89
trip_9 143 305 79 0 527 0.88 14 0.92
trip_10 194 215 88 4 501 0.80 19 0.85
trip_11 235 241 70 8 554 0.73 19 0.73
trip_12 126 303 108 0 537 0.97 14 0.99
trip_13 105 274 145 0 524 1.08 14 1.01
trip_14 110 269 133 0 512 1.04 9 1.03

Table 3

Average number of transfers in different scenarios.
D Homogeneous New Scenario 1 New Scenario 2 New Scenario 3 New Scenario 4
All trips 0.9 0.85 0.86 0.85 0.85
trip_1 0.62 0.63 0.61 0.63 0.66
trip_2 0.99 1.01 1.04 1.03 1.06
trip_3 0.83 0.91 0.98 0.97 0.97
trip_4 0.8 0.77 0.73 0.75 0.70
trip_5 0.84 0.59 0.66 0.64 0.67
trip_6 1.11 1.02 1.09 0.88 0.89
trip_7 1.04 1.13 0.97 1.00 1.08
trip_8 0.89 0.89 0.92 0.91 0.86
trip_9 0.88 0.87 0.93 0.96 0.93
trip_10 0.8 0.83 0.84 0.73 0.87
trip_11 0.73 0.75 0.70 0.80 0.73
trip_12 0.97 1.01 1.04 1.03 1.06
trip_13 1.08 1.02 0.96 1.05 0.94
trip_14 1.04 1.13 0.97 1.00 1.08

*Trips in color have increased demand by 400% compared with the homogeneous scenario.

Table 4

Performance comparison with different capacity setups.
ID Average number of transfers per passenger

Baseline (20) Capacity 25 Capacity 35 Capacity 45

All trips 0.90 0.91 0.89 0.90
trip_1 0.62 0.63 0.62 0.64
trip_2 0.98 0.99 0.96 1.02
trip_3 0.83 0.90 0.98 0.89
trip_4 0.80 0.69 0.78 0.77
trip_5 0.84 0.88 0.77 0.79
trip_6 1.11 1.02 1.09 1.01
trip_7 1.04 1.14 0.91 1.02
trip_8 0.89 0.95 0.98 0.80
trip_9 0.88 0.90 0.93 0.92
trip_10 0.80 0.86 0.77 0.82
trip_11 0.73 0.74 0.74 0.81
trip_12 0.98 0.99 0.96 1.02
trip_13 1.08 0.96 1.05 1.07
trip_14 1.04 1.14 0.91 1.02

and has the potential to provide better service than the conventional bus system. The proposed transit system is designed to provide
door-to-door service and each autonomous modular bus can pick up any passenger regardless of desired destinations. A unique transfer
operation is introduced in this paper which is performed to transfer passengers between coupled modular buses in motion. Through in-
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Table 5
the frequency of capacity shortage in 100 simulations.
Baseline (20) Capacity 18 Capacity 16
Frequency 0.0084 0.027 0.095

Table 6

Performance comparison with different number of AMBs.
D Average number of transfers per passenger

Baseline (6) 15 modular buses 21 modular buses 42 modular buses

All trips 0.90 0.66 0.52 0
trip_1 0.62 0.67 0.61 0
trip_2 0.98 0.73 0.59 0
trip_3 0.83 0.67 0.53 0
trip_4 0.80 0.50 0.37 0
trip_5 0.84 0.56 0.43 0
trip_6 1.11 0.81 0.58 0
trip_7 1.04 0.79 0.55 0
trip_8 0.89 0.68 0.60 0
trip_9 0.88 0.60 0.54 0
trip_10 0.80 0.59 0.46 0
trip_11 0.73 0.49 0.37 0
trip_12 0.98 0.73 0.59 0
trip_13 1.08 0.77 0.61 0
trip_14 1.04 0.79 0.55 0

motion transfers, each passenger will be served smoothly by several autonomous modular buses and delivered in the shortest path with
no off-vehicle transfers. We develop a nonlinear programming model to solve the joint design problem of passenger transfer plans and
AMB trajectories. Numerical experiments demonstrate that the proposed transit system results in significantly shorter travel time and a
reduced number of transfers. Sensitivity analysis indicates that the AMB-based system is highly sensitive to demand ratios. Numerical
experiments indicate that the proposed MAATS system is more efficient than conventional buses in reducing travel time and the
number of transfers. Moreover, compared with the prevailing flexible public transport services, such as CB and PRT, the AMB-based
system is arguably more flexible and adaptive in operation and relieves the need for huge investment in infrastructure construction.

Simulation results also show that there is a trade-off between improving capacity usage and avoiding the capacity shortage phe-
nomenon. Future studies could explore the possibility of making incentive policies to address this issue. Another advantage of
autonomous modular buses that has not been investigated in this study is the efficient energy consumption compared with conven-
tional buses. Taking Volvo 7900 and the modular bus designed by Next Transport Future as an example, the Volvo 7900 weights 19000
kg, with an average load of 42 passengers in our case studies, and the modular bus weights 2000 kg carrying 7 passengers on average.
Assuming a linear relationship between vehicle mass and energy consumption (Basso et al., 2019), only 13.4% of energy is used on
carrying passengers with 86.6% energy hauling the heavy vehicle for the Volvo bus (assuming that the average weight of passengers is
70 kg). However, for the autonomous modular bus, 20% of energy is used on delivering passengers, which is a significant difference in
a large-scale implementation point of view. The energy consumption didn’t increase substantially in the modular bus system even
though it is operated with more vehicles (5 times more than the number of conventional buses). For this case study, the energy
consumption of the MAATS got reduced because the difference in mass is so significant that it becomes the dominant influencing factor
in this case. Future studies are warranted to conduct a life cycle cost analysis of the proposed modular bus system.

Note that in this study, the pick-up and alighting problem of AMBs are not specifically addressed. The major reason is that there
could be many possible solutions for such an underdeveloped system, and existing studies have indicated that the pick-up and alighting
problem itself can be very complicated depending on the highly stochastic demand in both time and space, routing algorithms, in-
centives, etc. Therefore, in this study, we only consider the operational performance of the proposed system at major road networks
assuming that passengers are already on board. Considering the current practice and travelers’ familiarity, we present an optional way
of picking up and alighting passengers. In low-demand areas or conventional first/last mile regions (e.g., communities relatively far
away from corridors), the autonomous modular bus serves as a shared-ride service, picking up and alighting passengers upon requests
through the mobile application, such as the service introduced by Hyland and Mahmassani (2020). After driving out of those regions to
high-density areas, there are most likely multiple AMBs on each road to cooperate with each other and operate as a public transit
system mentioned above.

The pick-up/alighting problem is also related to the station design problem of AMBs. As an innovative transit system that is still
under development, the specific form of AMB stations can be very flexible. To the authors’ best knowledge, the AMB station designed
problem has not been specifically addressed in any of existing studies nor field tests. Most of the existing studies, such as Chen et al.,
(2019) and Cao and Ceder (2019), simply assume that the AMBs could use conventional bus stations in their models and case studies.
Based on the analysis of the present paper, we propose that the AMBs station and pick-up/alighting services should be jointly
considered in future investigations. For instance, in central areas with high demand, the AMBs could adopt the conventional bus
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stations. In suburbs or low-demand areas where the AMBs are more devoted to first-mile and last-mile services, the AMBs stations can
be planned in a more scattered pattern and also smaller in size. Moreover, considering that most current test models of AMBs are
electric vehicles, charging facilities should also be embedded in AMB stations to enable frequent charging for the purpose of battery
maintenance and improving driving range. The joint station design and pick-up/alighting problem should be addressed in a more
comprehensive way in future studies before the AMBs are deployed in practice.

It should also be noted that in oversaturated traffic when there is insufficient space for lane-changings, the AMBs will be most likely
unable to completely transfer passengers. Thus, passengers will have to make a temporary detour and transfer at downstream un-
dersaturated roads. In addition, the system requires a sufficient number of autonomous modular buses to guarantee that AMBs arrive at
intersections to perform in-motion transfers cooperatively. This issue can be addressed by simply putting a large number of AMBs in a
limited high-density area or developing advanced planning methods to coordinate trajectories of AMBs with such purposes. Another
issue associated with the proposed system is that the OD information of passengers is only used for local optimization at signalized
intersections. Global integration of travel data could reveal more benefits and thus we encourage more comprehensive investigations
on this issue. Last but not least, the present paper evaluates the benefits of the AMB system merely from passengers’ perspective. The
operational cost of such an innovative transit system from service providers’ point of view needs to be comprehensively investigated in
future studies before it is widely implemented in practice.
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Appendix A

The capacity shortage phenomenon, i.e., when the number of AMBs are not sufficient to separate passengers to different directions,
is most likely to happen only when all AMBs are almost fully loaded before transfer. In such scenarios, the system will not be able to
completely separate passengers due to the capacity shortage in certain directions. As a compromise, several passengers may have to
temporally deviate from their shortest paths and take a detour (i.e., turn to an undesired direction and then reroute at the next
intersection), leading to increased travel time. In other words, several passengers have to turn to an undesired direction due to capacity
insufficiency. In such scenarios, the optimization of passenger transfers can be formulated as follows:
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where 27, , denotes the number of passengers that are temporarily reassigned from direction d to direction e in vehicle i at the
current intersection; W is a weighting factor. The first term in the objective function denotes the total number of transfers in such
scenarios, and the second term indicates the weighted number of detoured passengers in order to address the capacity insufficient
problem. It is notable that the objective function is a non-linear function of decision variables. However, with the consideration that
they are all positive integer or binary variables and the number of turning directions usually ranges from one to three in most real cases,
the non-integer linear programming problem can be very simple and easily solved by most commercial solvers. The value of the
weighting factor W can be determined based on incentives and promoting policies where future research is warranted.

Appendix B

Proposition 1:. The heuristic function in Eq. (19) is admissible.

Proof:. It can be derived that

1

5 50—tz 85 (1t

i=l d=1

(29)

where the right-side term is the actual number of vehicle transfers. Since the second term in Eq. (19) adopts the Manhattan distance
value which is the shortest distance between any two positions in a grid system, we have

D )i
Z |x1d Zd.mldl <Z Z ka i:d ) (30)

k

1
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i=1
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Eq. (29) and Eq. (31) jointly guarantee that the heuristic function will never overestimate the actual cost to the goal state, and
therefore proved that Eq. (19) is admissible by definition.

K-1
k

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.tra.2021.07.005.
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