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ABSTRACT

The rapid growth in urban population poses significant challenges to moving city dwellers in a

fast and convenient manner. This thesis contributes to solving the challenges from the viewpoint

of public transit passengers by improving their on-vehicle experience. Traditional transportation

research focuses on pursuing minimal travel time of vehicles on the road network, paying no

attention to people inside the vehicles. In contrast, the research in this thesis is passenger-driven,

concerning the role of the on-vehicle experience in mobility planning through the public transit

systems. The primary goal of the thesis is to address the following problem: Given an urban

public transit network, how can we plan for the optimal experience of passengers in terms of

their service preference?

There are several challenges we have to address to meet this goal. First, a model or a simulator

that captures not only the road traffic, but also the behaviors of passengers and other relevant

factors is a prerequisite for this research but has seldom been developed previously. Second,

to plan for passengers’ mobility concerning the influence among passengers as well as multiple

service preferences is computationally intensive, especially on a city scale.

To achieve the research goal and overcome the challenges, this thesis develops a joint traffic-

passenger simulator, which simulates the road traffic, behaviors of passengers and on-vehicle

environment dynamics. Specifically, the simulator combines the urban road traffic, the inter-

actions among the passengers and the infrastructures that support certain on-vehicle services,

such as on-vehicle Wi-Fi, to provide a passenger-level simulation. A separate passenger behav-

ior model and on-vehicle Wi-Fi service model are designed to run jointly with SUMO, a mature

traffic simulator, for simulating the passenger behaviors and on-vehicle travel experience. A

joint simulator for the bus transit system in the city of Porto, Portugal has been implemented

and tested by comparing the simulation to the real passenger data.

To configure the background passenger flow in the simulation, real passenger data are used.

The data were collected by an entry-only system and the destination information was missing.

This thesis contributes a machine learning algorithm, called semi-supervised self-training, to

infer the missing destinations with a high inference confidence level.

Given the simulation platform, the passenger mobility planning problem can be formalized

as a multi-agent path planning (MAPP) problem, where multiple passengers may interfere with

each other when contending for service resources. The mobility planning operates on the client
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passengers (i.e., a subset of the overall passengers who request the planning service from our

planner). State-of-the-art MAPP solvers, such as M*, do not scale well to such a MAPP problem.

This thesis proposes the soft-collision-free M* (SC-M*), a generalized version of M*, to efficiently

handle the MAPP task under complex urban environments (i.e., with a large client passenger

size and multiple types of client passengers requesting multiple types of service resources). We

evaluate the performance of the SC-M* through a case study of the bus transit system in Porto,

Portugal and the experimental results show the advantages of the SC-M* in terms of path cost,

collision-free constraint, and the scalability in run time and success rate.
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Chapter 1

Introduction

The domestic migration into urban areas generates significant challenges for cities, making an

efficient and sustainable management of services and resources more than ever necessary. A cen-

tral service affecting many of the others is mobility. To satisfy the mobility needs given the rapid

growth in city population is challenging. The concept of Smart City has been proposed to cope

with the challenges and to provide access to all the traditional services a city needs to provide

citizens in the context of rising population. An important aspect of Smart City is the Intelligent

Public Transportation System (IPTS), which utilizes information and synergistic technologies to

improve public transportation systems of all kinds.

Traditional research to IPTS focuses on using the information about the state of the trans-

portation networks for scheduling and dispatching mass transit. Although a lot of progress

has been made improving the IPTS in terms of infrastructure construction, information sharing,

and fleet scheduling, limited attention is paid to the people inside the vehicles, especially to the

experience of the travel from the viewpoint of the passengers that use the public transits. For ex-

ample, in public transit systems, different passengers have different preferences, even necessities,

in terms of public resources, such as seat availability (necessary for seniors) or on-vehicle Wi-Fi

supply (preferred by video viewers and game players during the trip). These factors seriously

affect the satisfactory level of their travel experience on vehicles.

We advocate that, to develop an efficient IPTS, passenger-centered research is a necessity, pro-

viding customized mobility plans directly to each passenger for a trip with satisfactory on-

vehicle experience. This insight comes from the fact that an individual passenger can neither

change the existing public transportation infrastructures nor the massive passenger and traf-

fic flow, but rather, can choose an alternative well-designed strategy to accomplish the travel
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demand while making his or her experience pleasant.

It is a nontrivial matter to help passengers achieve this goal. On one hand, research to devel-

oping a model or a simulator that captures the road traffic, passenger behaviors and other factors

relevant to the on-vehicle experience is a prerequisite to the goal but has not been considered

previously. Specifically, the on-vehicle experience is affected by the surrounding passengers, traf-

fic conditions, and facilities that support the public on-vehicle services. In addition, the mobility

planner should consider the influence among passengers as well as multiple service preferences,

which is challenging in the field of planning and scheduling, especially on a city scale.

In this thesis, we attempt to address the challenges from the viewpoint of passengers by con-

sidering the important role of passenger experience when planning for pleasant trips through the

urban public transportation systems. The thesis explores and contributes a passenger-centered

planner for multiple passengers requesting multiple types of public services while limiting the

level of interference among passengers. We assume that the total set of passengers is divided

into two subsets – one with passengers who request planning service from the planner, called as

client passengers, and the other with non-client passengers who do not.

1.1 Thesis Question

The research problem in this thesis is as follows:

Given a public transit network of a city and a number of client passengers who request some

planning service, how can we plan for the client passengers to optimize their travel experience

in terms of their service preferences?

The research problem has three implications. First, the public transit network is a prerequisite

and has to be modeled before planning. The network model should be based on information

about the real-world public transit systems. In contrast to static information about the public

transit infrastructures and schedules, which is usually accessible, dynamic information about

the road traffic, passenger behaviors, and on-vehicle environments is usually not accessible. This

requires a simulator that combines the accessible information and a series of traffic-passenger

behavior models, to simulate certain aspects of the public transit systems and to generate the

dynamic information on request.

Second, the accessible information includes real-world data that are collected by existing

transaction systems. Those real-world data are usually incomplete with important features miss-
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ing, and thus pre-processing and data mining approaches are needed in order to make use of

the real-world data to drive the simulation.

Third, planning tries to improve the travel experience, which requires optimizing over multi-

ple criteria related to each client individual, and limiting the level of interference among multiple

client passengers. The travel experience of client passengers are coupled with each other and the

interference among them has to be considered. In short, the mobility planner, which is able to

address the thesis problem, is expected to be applicable to the real-world public transit systems,

customize for client passengers of different types and handle their mobility requests on a city

scale.

1.2 Approach

At a high-level, to address the thesis problem, we first need a simulator for simulating the public

transit on-vehicle experience to generate data for constructing traffic models, and then based on

the model, we conduct mobility planning. The blueprint is that the on-vehicle experience sim-

ulator provides information necessary for constructing a graph (a model consisting of vertexes

and edges) that describes the public transit system and its dynamics. Based on the graph, we

can make mobility plans to efficiently accommodate multiple passengers in terms of multiple

service preference and interference constraints. We decompose our approach into three topics.

1.2.1 Simulating On-Vehicle Experience through Joint Traffic-Passenger Simulation

Our approach to the on-vehicle experience simulation is to extend the mature open-source road

traffic simulator (SUMO): We design a separate passenger behavior model and a model of the

on-vehicle public services to run jointly with SUMO to generate the synthetic data about the

travel experience of passengers for post-processing.

To this end, we establish a road network of a city along with a public transit system in

SUMO, allowing SUMO to simulate the road traffic and the public transit operations. To capture

the passenger behaviors in the simulation, we leverage the control interface of SUMO, TraCI, and

develop a monitor-control algorithm to modify the transit conditions, run the passenger behavior

model (e.g., waiting at the stop, boarding, and alighting), and record important moments in real

time.

To capture an on-vehicle public service, we introduce an on-vehicle Wi-Fi service model.

The on-vehicle free Wi-Fi service is assumed to be supported by the city hotspots in the city.

3



With the hotspot location data, we construct an on-vehicle Wi-Fi service quality map, which

maps a geographical location to an on-vehicle quality value. The Wi-Fi service allocated to each

passenger is a function of passenger volume and the distance from the hotspot in connection.

This model allows us to simulate the on-vehicle Wi-Fi service experience for each passenger. The

way we verify the traffic-passenger joint simulator is to compare the synthetic simulation results

to the real data.

1.2.2 Retrieving the Missing Features of Real Data with Semi-Supervised Learning

In order to reflect the reality as much as possible, we use some real data to set up the simulation.

The passenger transaction dataset is one of the accessible sources, which can be used to directly

configure the background passenger flow. However, the passenger transaction data that accessi-

ble to us are entry-only and the destination information is missing. This reduces their value for

planning purpose.

To make full use of the data, we must explore approaches to retrieve the missing destination

information. Traditional heuristic methods can lead to a limited proportion of missing destina-

tions being matched. Following the intuition that the heuristic-based matched data may contain

useful information for us to process the remaining unmatched data, we make a step further

and develop a semi-supervised learning method, called self-training, to continue the inference.

To further improve the inference, we also consider using the personal historical information to

improve in the base predictor, a core component of the proposed self-training.

1.2.3 Planning the Mobility with a Scalable Multi-Passenger Multi-Criteria Planner

The data-driven on-vehicle experience simulation generates information necessary for building

the graphs of the public transit networks, based on which the mobility planning can be con-

ducted. In addition to optimizing over a linear combination of multiple criteria, we formalize

the planning problem as a multi-agent path planning (MAPP) problem, where multiple client

passengers are coupled and may interfere with each other when using services. State-of-the-art

MAPP solvers, such as M*, do not scale well to such a city-scale MAPP task. One bottleneck of

M* is that the hard-collision-free constraint is too restricted, incurring an explode in the size of

the search graph when many agents collide.

We introduce the concept of soft collisions to the MAPP setting, where a collision among

client passengers could be soft, quantified using a collision score. The scores reflect the quality of

4



their experience as they contend for services. We then develop a generalized version of M*, the

soft-collision-free M* (SC-M*), for solving the MAPP problem under the soft-collision context.

Specifically, the algorithm tracks the collision score of each client passenger and places the client

passengers, whose collision scores exceed some threshold, into a soft-collision set for search

space expansion. In this way, SC-M* achieves improved scalability to handle a larger number

of client passengers while limiting the probability of collisions among the client passengers to a

bound.

1.3 Contributions

The key contributions of this thesis are as follows:

• P-SUMO (Passenger-SUMO), a simulator for on-vehicle experience simulation based on

the joint traffic-passenger approach, which captures not only the interactions among road

traffic, public vehicles, and passengers but also the dynamics of the on-vehicle services,

including Wi-Fi quality and space availability;

• A data mining method that infers the missing features in the real passenger data: The

missing destination information in the real automated fare collection (AFC) data is retrieved

by the proposed self-training method with high confidence;

• SC-M* – A multi-agent path planning algorithm with soft-collision-free, which has ad-

vanced flexibility and scalability for solving the MAPP problems under the soft-collision

context and can handle complex environments with multiple types of agents requesting

multiple types of resources;

• A scalable multi-passenger multi-criteria mobility planner for Porto Bus Transit System:

We use different types of real data from Porto and make a case study of the bus transit

system in this city. Based on the on-vehicle experience simulation driven by the real data,

we successfully apply the SC-M* framework to the real-world system to improve the on-

vehicle experience of client passengers.

1.4 Reading Guide to the Thesis

The remainder of this thesis document is arranged as follows:
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Chapter 2 – A Joint Traffic-Passenger Simulator for On-Vehicle Experience Simulation (P-

SUMO) This chapter introduces the joint traffic-passenger simulator, called P-SUMO, for

simulating the passengers’ on-vehicle experience. We develop the P-SUMO for the bus

transit system in Porto, Portugal. A demonstration of using the simulator to generate

synthetic bus passenger data is made. The synthetic bus passenger data have significant

similarity to the real passenger data. We further extend the simulation with on-vehicle Wi-

Fi service models and use the city hotspot location data to build the on-vehicle Wi-Fi service

quality map. The simulation outputs provide detailed passenger experience information

and bus state information for post-processing.

Chapter 3 – Infer the Missing Features in Incomplete Data This chapter addresses the missing-

feature issue in real passenger transaction data, whose destination information is unavail-

able. We propose a semi-supervised learning method, called self-training, to make use of

the heuristic-based matched data to infer the destinations. Evaluations based on the simu-

lation data and a subset of the real bus AFC data are described. We show that the proposed

method achieves a higher accuracy than baselines.

Chapter 4 – SC-M*: A Multi-Agent Path Planning with Soft-Collision-Free Constraint This

chapter introduces the soft collision property among the agents and presents a generalized

version of M* – soft-collision-free M* (SC-M*), to solve the multi-agent path planning prob-

lem under soft-collision context. We demonstrate the SC-M* on a grid network. The results

show that SC-M* has advanced flexibility and scalability to handle complex environments,

e.g., with multiple types of agents requesting multiple types of resources. Comparisons

to other SC-based MAPP solvers are made and the advantages/trade-offs of SC-M* are

studied.

Chapter 5 – SC-M* for Real-World Bus Transit System This chapter details a case study of

the SC-M* in the bus transit system in Porto: To optimize the mobility of multiple client

passengers over multiple public services while limiting the collision risk. We leverage the

data-driven on-vehicle experience simulator presented in Chapter 2, which simulates the

passenger behaviors and on-vehicle service dynamics, and test the SC-M* on it. Experi-

ments are conducted to evaluate the advantages of SC-M* in terms of path cost, collision-

free constraint, and scalability in run time and success rate.

Chapter 6 – Related Work This chapter reviews previous literature related to the approach
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presented in this thesis. In particular, we focus on traffic simulation, destination estimation

for passenger data, and traditional passenger mobility planning. The mobility planning

includes the topics on shortest path algorithms, multi-criteria route planning and multi-

agent path finding.

Chapter 7 – Conclusion and Future Work This chapter concludes this thesis with a briefing of

its key contributions and expected future work.
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Chapter 2

A Joint Traffic-Passenger Simulator for

On-Vehicle Experience Simulation (P-SUMO)

A model that reflects the necessary aspects of real-world public transit, passenger behaviors, and

on-vehicle service conditions is a prerequisite for passenger-level mobility planning. Construc-

tion of the model requires access to large-scale and multisource data, ranging from the static

urban road-map to records on the dynamics of passenger flow. However, due to the concerns of

privacy infringement and cost, the data about the dynamics of the city are usually inaccessible

to researchers. A solution to this issue is simulation, which generates synthetic data that, to a

reasonable extent, reflect real-world systems. This chapter realizes the idea through a novel joint

traffic-passenger simulator, called P-SUMO (Passenger-SUMO) to simulate the on-vehicle experi-

ence and generate synthetic data of interest. Much of the work contained in this chapter was

presented in [1].

2.1 Simulation for Intelligent Public Transportation Systems (IPTS)

To build an effective IPTS, a profound understanding of the dynamics of urban road traffic,

passenger behaviors, and the environments inside public vehicles is needed. It has long been

thought that research into estimating people’s behaviors and mobility patterns in cities requires

large-scale and multisource human mobility data.

The availability of the human mobility data is two-sided:

• With the advance of sensing technologies and the widespread use of automated data col-

lection (ADC) systems in public transportation operations, it is possible to collect large
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quantities of diverse data about cities (e.g., cell phone location data [2], vehicle GPS data

[3, 4, 5], automated fare collection [AFC] data [including buses [6], underground trains [7],

and so forth]). With heterogeneous and ubiquitous datasets, researchers have significantly

expanded their knowledge about human mobility [8, 9, 10], and plenty of machine learning

(ML) approaches, such as classification, regression, and clustering, have been successfully

applied to the field of transportation study [11, 12, 13].

• When it comes to passenger-related research, the data accessible to researchers are usually

insufficient, either because the data are incomplete, with important features missing, or be-

cause the data are only indirectly related to the topic of focus. Complete data are usually lack-

ing due to the difficulty in most urban infrastructures to integrate large-scale multsource

data in a timely and low-cost fashion. This lack-of-complete-data issue limits passenger-

related research. For example, in bus transit systems, the bus passenger data are usually

collected by automated passenger count (APC) systems or AFC systems. The data collected

by those systems are often incomplete (no alighting feature is recorded), limiting the estima-

tion of the overall trip demand profile in the city. More seriously, origin-destination (O-D)

surveys to retrieve the destination information are expensive in terms of human efforts and

financial cost. As a result, many state-of-the-art methods for bus passenger estimation and

prediction (e.g., [14, 15, 16]) cannot be validated due to the missing features in real data.

To cope with this issue, simulation is a solution. Simulation can combine, and be driven by,

some indirectly related data collected from a different source, with some features correlating

positively to those in the unknown complete data. In our research, the complete data refer to

the data about the on-vehicle experience of passengers and the indirectly related data refer to

any information we can access to drive the simulation. Grounded on the indirectly related data,

we attempt to develop a simulator for generating synthetic complete data that are most likely to

be observed in the real world.

Simulation has proven itself as a prerequisite to building intelligent transportation systems.

In traffic control research, instead of directly applying an approach to control the real traffic

flow, testing it through simulation and transferring the knowledge to real urban road networks

can save a lot of cost and avoid safety problems.

Traffic simulation, such as bus transportation simulation, has experienced rapid and signifi-

cant developments. Many road traffic simulators (e.g., VISSIM, AIMSUN, Matsim, SUMO, etc.)

have been developed with good performance. One commonly used open-source traffic simulator
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Term Definition Explanation and Example

Trip Demand A tuple (origin, destination, trip starting
time)

A trip demand is (O, D, t).

Travel Plan A set of midway O-D pairs without time
information

A travel plan is {(O, D1), (O2, D2), ..., (On, D)}.

Travel Demand A tuple (origin, destination, trip starting
time, travel plan)

A travel demand is (O, D, t, {(O, D1),(O2, D2),...,
(On, D)}).

Trip Demand
Generative
Model

The description of the distribution from
which a passenger trip demand is gener-
ated

The distribution model specifies the probability of
the occurrence of each trip demand in the demand
space.

Experience The sequence of circumstances and events
that the passenger encounters during a
trip, and their occurrence in time

During the trip from O to D starting at time t,
the passenger may take several transits to get to
stop D. Then, the experience can be a set of tuples
{(O, D1, t), (O2, D2, t2), ..., (On, D, tn)}. Here, tn is
the time of arriving at On.

Table 2.1: Terminology.

is SUMO1 (Simulation of Urban MObility), which provides a platform for explicitly simulating

vehicles, including cars, buses, and urban trains on a city scale. However, most traffic simula-

tors currently do not provide information about passenger vehicle interactions, which is of great

interest in bus passenger behavior and prediction studies.

To fill the gap between passenger on-vehicle experience and traffic simulation, we introduce

the simulator P-SUMO for simulating the passengers’ on-vehicle behavior and experience in con-

junction with the mature traffic simulator (SUMO) on a city scale. To the best of our knowledge,

this is the first attempt to generate synthetic passenger data through city-wide traffic-passenger

joint simulation. We start with developing the passenger behavior model for the passenger-level

simulation and then extend the simulator with the on-vehicle service model for the on-vehicle

experience simulation.

2.2 Joint Traffic-Passenger Simulator (P-SUMO)

This section describes the design of the joint simulator, Passenger-SUMO (P-SUMO). Some ter-

minologies used in this section are explained in Table 2.1.

2.2.1 Overview of the Methodology for Passenger-Level Simulator

Neither modeling passenger behavior, nor simulating traffic can generate complete passenger

data independently, leading to the idea of combining passenger modeling and traffic simula-

tion. First of all, modeling passenger behavior specifies how people’s travels are demanded
1http://sumo.sourceforge.net
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Figure 2.1: Block diagram of the joint traffic-passenger simulator P-SUMO.

and planned (e.g., the Oi and Di in Table 2.1), but it does not detail the passengers’ experience

during the travel through an urban traffic environment (e.g., the ti in Table 2.1). This miss-

ing information about experience can be supplemented with traffic simulation. Second, most

traffic simulations provide representations of transportation systems and vehicle behaviors, es-

pecially how public transits operates in urban road networks. However, passenger-level travel

demands/behaviors and the corresponding impact on the public transportation systems (e.g.,

bus dwell time affected by passengers) are unavailable. This can be supplemented with pas-

senger modeling. Combining passenger modeling and traffic simulation is an effective way to

employ the strong points of both approaches and overcome the shortcomings of either.

At a high level, the joint traffic-passenger simulator P-SUMO consists of two layers: a pre-

processing layer and a joint simulation layer.

• The pre-processing layer processes the city information and people mobility data and con-

ducts preparation work to set up the simulation. Note that depending on the purpose, the

specific design of the pre-processing layer may vary.

• The joint-simulation layer simulates the city-wide passenger behaviors in conjunction with

SUMO and produces synthetic traffic and passenger data. In this layer, a monitor-control

algorithm runs jointly with SUMO to monitor the states of the public vehicles in real time

and to simulate passenger behaviors accordingly.

The simplified structure of the system is presented in Figure 2.1.

In this chapter, we develop the P-SUMO in the setting of bus transportation systems for the

city of Porto, Portugal. We demonstrate the system by generating the synthetic bus passenger

data from some indirect people mobility data and comparing the synthetic data to the real data.

Specifically, we learn a bus passenger demand model from indirect people mobility data to
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Figure 2.2: Block diagram of pre-processing layer.

generate bus passenger demand samples. The people mobility trend reflected by the indirectly

related data can correlate positively, to some extent, to the mobility trend of real bus passengers.

We then develop a passenger behavior model to jointly run with SUMO for generating the city-

wide bus passenger synthetic data. The simulation outcomes are compared to the real bus AFC

data of the same city in terms of distribution difference. We use the similarity between the

synthetic data and the real data to evaluate P-SUMO.

2.2.2 Pre-Processing Layer

For the specific design of generating the synthetic passenger data from the indirect people mo-

bility data, the pre-processing layer is a collection of three components, denoted as a, b, and c (see

Figure 2.2). This layer conducts city information importing, data learning, and passenger de-

mand generating, respectively, to prepare for the joint traffic-passenger simulation in the second

layer. Specifically, component a serves to extract and convert the city road-map and bus transit

infrastructures from public information resources into the SUMO format to establish a virtual

city traffic network and define the traffic demands of the background vehicle flow. Component b

serves to learn a passenger trip generative model from the people mobility data for generating the

passenger trip demand samples. Component c models the way in which a bus passenger plans to

travel from the origin to the final destination through the bus transit network (i.e., to generate

the travel plans). Finally, this component generates the passenger travel demand that includes trip

starting time t, an O-D pair (O, D), and a travel plan {(O, D1),(O2, D2),..., (On, D)}.
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Figure 2.3: Virtual traffic and bus transit network in SUMO.

Bus Transit System Establishment

In the case study of Porto, the component a is to build the urban bus transit system for use

in SUMO, which reflects the exact system in the real world. The main bus service operator

STCP has a company website2, where detailed information about routes, station geographical

locations, and a timetable of bus trips are provided. As shown in Figure 2.3, using the STCP bus

service information and other public resources (OpenStreetMap, etc.), we build the bus transit

system as well as the urban road network within the selected central city area of Porto (E: -

8.559543◦, W: -8.661915◦, S: 41.136044◦, N: 41.185110◦). The imported bus network contains 136

routes, 855 bus stops, and 5723 bus trips on a normal weekday. The simulation tests confirmed

that the bus performance matches well with the actual Porto bus transit system: Each bus departs

at the scheduled time, runs along its designated route, and pulls up at the designated stops

correctly.
2https://www.stcp.pt
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Figure 2.4: Expected taxi demands on Wednesday.

Passenger Trip Demand Generative Model

The second component is to learn the passenger trip demand generative model for generating

passenger trip samples. The goal of this model is to generate the trip demand tuple (O, D, t)

of a passenger. The approaches used to establish the model highly depend on the source of

data available. In this implementation, we use the Porto taxi trajectory data [17] to learn the

Porto passenger mobility distribution and then to generate passenger trip samples from the

distribution.

The taxi dataset describes a complete year (from 7/1/2013 to 6/30/2014) of the trajectories

for all 422 taxis running in Porto. Each data point contains several features in which we are

interested: the 1) trip starting time; 2) date type (identifying whether the trip occurred on a

holiday); 3) call type (determining whether the trip started from the taxi operation center or on a

random street); and 4) poly line (storing the GPS coordinate sequence of the trip trajectory). The

data with random street call types are selected, and holiday samples are removed. The dataset

contains detailed trip starting times and O-D pairs of random street passengers, making it a nice

resource of city dwellers’ travel trends. On the other hand, the selected region is the central

city area of Porto, which has quite a dense bus network, and this setting mitigates the negative

correlation between taxi and bus demand models by excluding areas that are poorly served by

buses.

The proposed passenger trip demand model consists of two components, a temporal model

and a spatial model. The temporal model is an inhomogeneous Poisson process model, which

is widely used to model the occurrence of events in time. We consider the Poisson process to

be inhomogeneous, and thus, the rate parameter λ varies in time. We fit the rate parameter on
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an hourly basis for a certain weekday. We divide a day equally into 24 periods and focus on

studying all Wednesdays of the year. The average taxi demand in each period on Wednesday

is shown in Figure 2.4, according to which we fit the estimated Wednesday rate vector λ̂ =

(λ̂1, ..., λ̂24). The temporal model is then described as, in period i, the interval τ between two

consecutive passenger demands follows the following exponential distribution:

τ ∼ f (t; a(λ̂i + σ)) = a(λ̂i + σ)e−a(λ̂i+σ)t. (2.1)

Here, a is a coefficient to scale λ̂, as the number of bus demands is usually greater than taxi

demands ( a is used to scale daily passenger demands up to around 150 thousand, which is

suggested in the STCP 2016 annual service report [18]). In practice, we also introduce uncertainty

into the model by adding small noise σ ∼ N(0, 1) to λ̂.

The spatial model is also learned on an hourly basis. The spatial model is a four-dimensional

(4-D) distribution model from which we can generate 4-D samples with the first two components

as origin (Ox, Oy) and the last two as destination (Dx, Dy). We apply kernel density estimation

to fit the spatial model, using multivariate 4-D normal distribution as a kernel. This method

is non-parametric and is effective when prior knowledge about the distribution is unavailable;

thus, parametric methods do not apply well. The bandwidth is determined based on the normal

distribution approximation [19]. Finally, we have the spatial model:

p̂H (X) =
1
n

n

∑
k=1

1

(2π)4/2 |H|1/2 exp(−1
2
(X− Dk)

T H−1(X− Dk)). (2.2)

where H defines the bandwidth of each dimension, and Dk = (Ox
k , Oy

k , Dx
k , Dy

k ) is the O-D de-

mand of taxi demand data point k. The model generates two geographical points, and we search

for the closest bus stop near each point and use it as the origin/destination stop. We set a cut-

off distance of 640 meters, with the stop matching outside of this region nulled. This distance

is from the public transport accessibility level (PTAL) methodology, which proposes that the

longest distance a passenger would normally walk to access a bus service is within the range of

an 8-minute walk at the speed of 4.8 km/h [20].

A temporal sample and a spatial sample constitute a passenger trip demand sample (Table 2.2

presents some trip demand examples). This is the core design of the passenger trip demand

generative model.
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Passenger ID 
Origin Stop 

(O) 

Destination 

Stop (D) 

Trip Starting 

Time (t) 

passenger_1244 JM2 PRG1 27000 

passenger_8332 PRFL PT3 46380 

passenger_14522 CMS1 BCM5 61620 
 
 

Table 2.2: Examples of trip demand samples (O, D, t).
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Figure 2.5: Graph of the bus transit network.

Passenger Travel Planning Model

The passenger travel planning model is to provide an answer to the following question: Given an

origin bus stop and a destination bus stop (the O-D pair of a trip demand), how does a passenger

think of a travel plan in the given bus transit network? Specifically, the model provides the set

{(O, D1), (O2, D2), ..., (On, D)} of midway trips that lead the passenger from the origin O to the

destination D to accomplish the trip demand. It is assumed that passengers always choose a

plan that minimizes travel distance and unnecessary route switching, based on which we design

a built-in bus passenger travel planning model.

As illustrated in Figure 2.5, we consider the bus transit network as a directed graph G with

vertexes V = {vi} denoting bus stops and edges E = {ei} denoting the reachability between bus

stops. For example, the blue edge from v1 to v2 indicates that stop v2 is reachable from stop v1

by taking Route A. In the graph, Route A (with blue solid edges) and Route B (with red dashed

edges) share the transition stop v3 and passengers can choose to switch routes there. Along

with bus route edges, walking edges are introduced into the graph (see the yellow dotted edges

in Figure 2.5). Stops within a certain geographical distance (e.g., 640 meters) are considered

to be walking reachable stops, and passengers would be willing to walk a few more meters to
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 Attribute Description 

Vertex 

ID Vertex identity 

Geo-location  Longitude and altitude of the 

corresponding bus stop on map 

Out-edges List of edge IDs originated from the vertex 

Out-neighbors List of vertex IDs that terminate out-edges 

Route  List of routes passing through the vertex 

Edge 

ID Edge identity 

Source-vertex  The vertex ID the edge originates from 

End-vertex The vertex ID the edge terminates at 

Weight  Length of the edge (meter) 

Route  The route the edge belongs to 

 

 

Table 2.3: Vertex and edge attributes.

transfer at those stops. In each bus route, vertexes are designed to be fully connected. After

establishing the bus transit network in SUMO, we can measure the exact length of each edge

(i.e., the weight of each edge denoted as d). Table 2.3 lists the attributes of vertex and edge. Note

that the out-edges of a vertex indicate the outward edges that originate from the vertex, and

the out-neighbors indicate the terminal vertexes of corresponding outward edges. The vertex

route is a set of routes in which the vertex is involved and the edge’s route is the specific route

to which the edge belongs. All the vertexes and edges uniquely define the whole bus transit

network (graph).

Given the graph structure, a travel plan for an O-D pair consists of a set of edges, and we call

each edge a sub-trip. We want to find an optimal plan that minimizes a certain cost objective. In

addition to the cost objective in traditional shortest-path searching problems, which are based

on cumulative distance only, we introduce 1) route-switching penalty ∆ to penalize the route

switching of a travel plan and 2) penalty ε to penalize the objective when a sub-trip (edge) is

added to the travel plan. Introducing ε is beneficial: When considering the travel demand from

v5 to v6 through Route B in the graph (with d3 = d1 + d2), we prefer the optimal travel plan to be

represented as {edge(v5, v6)} rather than {edge(v5, v3), edge(v3, v6)}. By introducing ε, the plan

{edge(v5, v6)} with the cost (d3 + ε) will win over the plan {edge(v5, v3), edge(v3, v6)} in terms of

cost (d1 + d2 + 2ε). Based on the structure of the graph and the definition of the cost objective, we

design the optimal travel plan-searching algorithm in Algorithm 1, which is a modified version

of Dijkstra’s algorithm [21], with a more sophisticated cost objective.

Algorithm 1 initializes all distances from source to infinity, except for the source to be zero
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Algorithm 1 Travel plan-searching algorithm

Input:     s: source vertex; d: destination vertex; 
{V, E}: graph; iniRoute: initial route of s; 
 : route-switching penalty;  :adding sub-trip penalty

Output:  cost, trace
1. cost[s] 0 //zero the cost of source vertex
2. s.preRoute in iRoute //preRoute used to judge route switching
3. for all v in V – {s} do
4. cost[v]  //the cost of non-source vertex is set to infinity
5. t race.update( {v:(s, infEdge) }) //initialize trace-back record
6. endfor
7. S  //S: visited vertex set
8. Q  //Q: queue set (vertex set to be visited)
9. while Q   and d not in S do
10. u minCost(Q,cost) //select vertex u in Q with minimal cost
11. S S + {u}
12. Q Q - {u } //move vertex u from Q to visited set S
13. for vtemp in u.outNeighbo rs do
14. Eout getEdges(u, vtemp) //examine outward edges
15. for e in Eout do
16. update_cost cost[u]+ e.weight+   // basic cost
17. if u.preRoute  e.route then //judge route switched or not
18. update_cost update_cost+ 
19. endif
20. if cost[vtemp]>update_cost then //when basic cost improves
21. cost[vtemp] update_cost //store new cost value
22. vtemp.preRoute e. route //update route information 
23. t race.update( {vtemp:(u,e) }) //store the trace-back record
24. endif
25. endfor
26. endfor
27. endwhile
28. return cost, trace to d

(lines 1 to 6). The visited set S and queue set Q are initialized to empty and the full vertex set

V, respectively, to store the visited (expanded) vertexes and non-visited vertexes (lines 7 to 8).

In each iteration, the algorithm pops out and expands the lowest-cost vertex u in Q (lines 9 to

12) and investigates each of its neighbor vertexes vtemp (lines 13 to 26). For each neighbor vtemp,

it examines all its outward edges e (lines 13 to 15). Then, it calculates the cost through this edge

concerning the edge cost, adding sub-trip penalty ε, and the route-switching cost ∆ (lines 16

to 19). The algorithm accepts the new cost when it is cheaper than the old cost, and store the
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AAL4
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SDP1

sub-trip1: [AAL4_to_PRFL-walk] 

sub-trip2: [PRFL_to_SDP1-501]

Figure 2.6: Travel plan from stop AAL4 to SDP1.

trace-back information (lines 20 to 24). This process repeats until the destination d is reached or

the queue set Q is empty (line 9). The output of the algorithm is the passengers’ plan to move

from the origin stop to the destination stop through the bus transit network.

We apply the passenger travel planning model to generate a travel plan for each trip demand.

The optimal plan-searching algorithm proves itself to be effective in practice. As shown in

Fiture 2.6, given the AAL4-SDP1 trip demand, where AAL4/SDP1 is the stop ID (vertex ID) in

the network, the algorithm returns a plan with two sub-trips, stating that the passenger should

walk a short distance from AAL4 to PRFL and then take Route 501 to get to SDP1. Applying the

trip demand generative model and the travel planning model, we can generate passenger travel

demand samples on Wednesdays for any passenger size according to need.

2.2.3 Joint Simulation Layer

Given a bus passenger travel demand (containing the trip starting time, an O-D pair, and a

travel plan), we need to simulate how the passenger moves through the bus transit network

and interacts with buses and traffic to ultimately reach the destination. For example, one of

the core functions of the joint simulation layer is to simulate the unknown boarding time ti for

each sub-trip tuple (Oi, Di). As shown in Figure 2.7, in this layer, a bus passenger behavior

model is designed and implemented to run jointly with SUMO via a monitor-control algorithm

based on TraCI, a traffic control interface of SUMO. Specifically, the purpose of the algorithm is

to 1) modify the conditions and states of buses, 2) simulate passenger behaviors, and 3) record

important moments (bus arrival time, etc.) in real time. When conducting simulations, people
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Figure 2.7: Block diagram of joint-simulation layer.
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Figure 2.8: Passenger behavior model.

always make a trade-off between simulation speed and granularity depending on research top-

ics. In most cases, to gain macroscopic insights into city-scale passenger behavior patterns, a

reasonable strategy is to begin with a basic model, and gradually increase the subtlety according

to computing capacity and needs.

In the joint simulation layer of P-SUMO, the traffic simulator SUMO and passenger behavior

model communicate with each other to modify and update the states of the passengers and buses

in real time. There are influences from SUMO to the passenger as the bus arrival events trigger

the passengers’ actions to get on and off, and the states of relevant passengers are updated.

Also, there are influences from the passenger behavior model back to the SUMO as passengers’

on/off actions affect the bus dwell time at the stop and thus the traffic conditions on the roads.

In our work, we introduce a bus passenger behavior model. Figure 2.8 illustrates this model.

According to the travel plan, the passenger starts at the origin stop O1 and takes a bus on the

blue route to D1 to complete sub-trip 1. Then, he or she gets to O2 by walking (if D1 6= D2)
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or route switching (if D1 = D2) to start sub-trip 2. Finally, the passenger gets to the final

destination D2 via the red route, and the travel demand is fulfilled. Interactions between buses

and passengers take place at each stop, where the number of boarding and alighting passengers

affects the bus dwell time. According to STCP public vehicle descriptions, most buses in Porto

have independent channels for boarding and alighting, respectively, and thus, the dwell time

tdwell is formulated as tdwell = max(t_on, t_o f f ), which is the maximum of the boarding time

t_on and alighting time t_o f f . SUMO simulates the interactions between buses and traffic, where

the travel time t_bus varies according to traffic conditions on the roads. The time the passenger

spends from stop i to stop (i + 1) is

ti = L + max(t_oni, t_o f f i) + t_busi, (2.3)

where L is a constant of lost time, including the pulling up, door-open-close time, etc. With this

model, the simulation captures primary interactions among passengers, buses, and traffic. All

bus passengers in the city are treated as agents who follow both the travel planning model and

the behavior model defined in previous sections.

Loading the passenger travel demands to the joint simulation layer, we use P-SUMO to sim-

ulate the city-wide bus passenger behaviors in Porto for 90 Wednesdays. For each day, the

simulation log stores detailed passenger behavior information and bus state information. For

example, the passenger log records the time spent waiting at the stop, boarding, and alighting

at the destination stop. The bus log includes the bus arrival time at each stop, on/off passen-

gers’ IDs at each stop, stop dwell time, and passenger volume after prompting passengers to get

on/off.

Some examples of the simulation output log are provided in Figure 2.9. The bus operation

log includes the transit operation details. From the example of one bus trip on the Route 23, we

can extract the dynamics of seat availability on the bus. Furthermore, we obtain the bus arrival

time at each stop, the number of on and off passengers, and the time the bus stays at the stop.

For example, the first row in the bus log example indicates that at the time 41409, the bus arrives

at Stop C24A4 and 50 seats are available on the bus. There are no passengers getting on and off

and the dwell time of the bus at the stop is 1 second.

Another log is the experience log of Passenger 131. One of the passenger’s properties is the

travel plan, which is generated by the pre-processing layer. The experience of the passenger is

another important property that provides the timing of each sub-trip (i.e., when the passenger
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Bus log
Information of one bus trip on route 23 
𝑛"#$% stopID 𝑡$''()# 𝑛*+ 𝑛*,, 𝑡-#.//

[[50, 'C24A4', 41409, 0, 0,  1],
[45, 'DJOA4', 41499, 0,  5,  15],
[39, 'RFZ1',  41536, 0,  6,  17],
[37, 'MOR2',  41577, 0,  2,  9],
[38, 'ESCN2', 41610, 2,  1,  9],
[32, 'SI2',   41648, 0,  6,  17],
[32, 'AUS',   41688, 2,  2,  9],
[25, 'MPL7',  41729, 2,  9,  23],
[24, 'FG1',   41859, 2,  3,  11],
[15, 'AQL1',  41900, 1,  10, 25],
[13, 'PISC',  42001, 0,  2,  9],
……]

Passenger log
Experience of travel plan for passenger-131

{‘Plan’:
('passenger_131927', [['CSBV', 'SDP1', '501'] , ['SDP2', 'BVBR1', 
'202_rev'] , ['BVCT1', 'RALG', '402'] ])

‘Experience’:

sub-trip 𝑡"%$'% 𝑡*+ 𝑡*,,
[['CSBV', 'SDP1', '501'], 62952, 63106, 63189] ,
['SDP2', 'BVBR1', '202_rev'] , 63239,  63719, 63961] ,
['BVCT1', 'RALG', '402'] , 64011, 64141, 64612]
]
}

Figure 2.9: Examples of simulation output log.

starts waiting for the bus at the stop and when he or she actually gets on the bus to start the

trip).

The bus log along with the passenger log constitute the simulation output log, serving as the

synthetic data for post-processing.

2.2.4 Evaluation of Synthetic Data with Real Passenger Data

In order to evaluate P-SUMO, we compare the synthetic bus passenger simulation data to the

real bus AFC data collected from Porto. The basic idea is to quantify the difference between

the synthetic data and real passenger data in terms of spatial-temporal distribution, using the

Kullback-Leibler (KL) divergence [22].

Real AFC Bus Passenger Data

The AFC dataset is the set of bus passenger transaction records that occurred in January, April,

and May of 2010. They are collected by the AFC system installed in buses operated by STCP

in Porto. The AFC system called "Andante" is an entry-only system – a transaction record is

generated once a passenger taps the travel card on his or her AFC reader. No additional action

is needed when the passenger alights, so the information about destinations is unavailable.

Each transaction record contains several attributes in which we are interested: the 1) ID, 2)

transaction timestamp, 3) bus stop at which the transaction occurred, 4) route, and 5) route di-

rection. We fuse the Andate AFC data with additional data sources to obtain the route structure

(sequence of stops in a route) and geographical location of each stop. There are 2,374 bus stops

and 66 bidirectional bus routes within the area of interest. The raw data have about 3% fault
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Figure 2.10: Number of transactions vs. date in May for AFC data.

samples that have illogical or missing attributes. After data recovery, a proportion of 1% remains

unsolved, and we remove those records.

Figure 2.10 shows a weekly repetitive pattern in passenger boarding activity in a month,

based on which, it is reasonable to assume that the passengers’ mobility trend during certain

normal weekdays is consistent. We select the transactions on Wednesdays of the three months,

totaling 12 Wednesdays with 2,422,079 records. Those Wednesdays are normal weekdays. Spe-

cial local holidays are avoided.

Evaluation of Temporal Distribution

The goal of the simulation is to capture the underlying distributions from which the real observa-

tions are generated so that the simulation outcomes can be used as a reasonable approximation

of the real passenger data. To this end, we quantify the difference between the synthetic pas-

senger data and the real AFC data, and verify our method by comparing the synthetic-real data

difference to the data difference of baseline methods (not using the simulation) from the real

data. The measurement applied to quantify the difference between two distributions is called

the KL divergence [22]. For discrete distributions, the KL divergence from distribution Q(i) to

distribution P(i) is defined as:

DKL(P||Q) = ∑
i

P(i)log
P (i)
Q (i)

. (2.4)

The use of the KL divergence in measuring the difference between probability distributions is

popular for the following reasons: 1) DKL(P||Q) is always non-negative; 2) DKL(P||Q) = 0 holds

if and only if P = Q; and 3) DKL(P||Q) is a convex function with respect to P and Q. The
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Figure 2.11: Demand occurrence probability vs. hour in a day.

convexity implies that the larger the DKL(P||Q) is, the larger the difference will be between P

and Q.

We investigate the difference in temporal passenger demand distributions between the simulation

data and the real data. Here, P and Q are the expected temporal passenger demand distributions

for simulation data and real data, respectively. In this thesis, we focus on Wednesday data.

Specifically, the distribution P is defined as P (i) = E(ni)/ ∑24
j=1 E(nj), where ni is the number

of passengers who get on a bus in period i (e.g., 10 am-11am), and E(ni) is the average number

(over all 90 simulated Wednesdays) of passengers who get on a bus in period i. In the same

way, we can obtain the distribution Q for the real data. The shapes of both distributions are

illustrated in Figure 2.11, where we can see a clear similarity between the simulation data (blue

dashed) and the real data (red solid).

For comparison purposes, we consider two baseline distributions. The first one is simply

shuffled from P, and we call it shuffled distribution. The shuffle means a random permutation of

P (i) with respect to period i. The second baseline distribution is the temporal distribution esti-

mated directly from the taxi passenger data, which is the green dotted curve in Figure 2.11. We

call such a distribution the pre-simulation distribution because the data have not been processed by

the simulation. Note that only the first trip demand starting time t (see Table 2.1) contributes to the

pre-simulation distribution. In contrast to the two baselines, P is called the post-simulation distri-

bution (the blue dashed distribution in Figure 2.11). Be aware that both the first trip starting time

t and the simulated timing {ti} of midway trips (i.e., sub-trips) contribute to the post-simulation
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distribution.

Calculating the KL divergence from the real distribution Q to each of the three distributions,

we obtain 1.418, 0.553, and 0.045 for shuffled, pre-simulation, and post-simulation distributions,

respectively. Compared with the shuffled and pre-simulation distributions, the post-simulation

distribution achieves the best similarity, reducing the distribution difference to 0.045. The infor-

mation gain comes from the fact that the simulation can capitalize on the passenger behavior

model to effectively fill the midway details (especially the timing {ti} of each midway trip) be-

tween the origin and the destination. In contrast, the raw taxi data only provide the O-D pair of

the whole trip, failing to provide the midway details (especially the timing ti of the occurrence

of each event in the experience).

Evaluation of Spatial Distribution

We further investigate the difference in spatial distributions. Because the real data contain only

boarding information, we should conceptualize the spatial distribution accordingly: Because a

bus route R consists of a sequence of bus stops {s}, and because each stop corresponds to a

spatial location, the spatial probability distribution of passenger boarding demands associated

with route R is essentially the boarding probability distribution over bus stops {s}. Considering

that the spatial distribution can vary in different periods, we focus on the periods of {T} = {4-8,

8-12, 12-16, 16-20, 20-24} and omit the period of 0-4 because buses are mostly off-service during

that time. Then, for simulation data, given period T and route R, the spatial distribution over

{s} is defined as PR,T (s) = E(nR,T,s)/ ∑k E(nR,T,k), where nR,T,s is the number of passengers (on

a Wednesday) who get on a bus in period T at stop s of route R, and E(nR,T,s) is the average

number (over all 90 simulated Wednesdays) of passengers who get on a bus in period T at stop

s of route R. In the same way, we can obtain QR,T(s) for the real data. The spatial KL divergence

for the period T is defined as:

DKL_spatial (T) = ER[DKL (PR,T||QR,T)] =
1

NR
∑
R

DKL(PR,T||QR,T), (2.5)

where NR is the number of routes in the area being investigated. This is the expected KL

divergence in spatial distributions over all bus routes during a certain period T.

Based on Eq. 2.5, the spatial KL divergences from the real spatial distribution to the shuf-

fled, pre-simulation, and post-simulation spatial distributions are calculated and illustrated in

Figure 2.12. Note that the spatial pre-simulation distribution counts only on the trip demand
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Figure 2.12: Spatial KL divergence DKL_spatial vs. time period T.

(O, D, t) of each passenger; in contrast, the spatial post-simulation distribution counts on the

whole synthetic experience {(O, D1, t), (O2, D2, t2), ..., (On, D, tn)} of each passenger. From the

figure, we can observe that from shuffled to pre-simulation and then to post-simulation distri-

butions, there is a decreasing trend in the divergence. The experimental results support that the

post-simulation data exhibit a higher degree of similarity to the real bus passenger data in terms

of spatial and temporal activity. This experimental outcome also supports that the P-SUMO is

an effective system that simulates the interactions between passengers and traffic, making it a

reasonable platform for the passenger on-vehicle experience simulation.

2.3 Modeling the On-Vehicle Wi-Fi Service

The on-vehicle services are termed public resources because they are limited in amount and

used by each individual passenger to improve his or her experience. This thesis considers two

public resources: on-vehicle Wi-Fi service and space availability. The modeling of the on-vehicle

Wi-Fi service is driven by the following concerns: In a city, buses can connect to any wireless

backhaul channel to provide Internet connectivity to passengers, including cellular towers and

city hotspots. The connection based on cellular networks is expensive because they are owned

and operated by telecommunication companies (e.g., T-Mobile, AT&T). Those companies have

to build and maintain the infrastructures, auction against peers to gain a spectrum license from

the Federal Communications Commission (FCC) and support many other costs. In contrast,

urban hotspot-based infrastructures are public facilities, and the wireless connection between a
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Figure 2.13: Map of Wi-Fi hotspot locations in Porto.

bus and a hotspot is free. The cost, which includes Ethernet fees, hotspot maintenance, etc., is

much cheaper, and is affordable to urban governance. In this sense, in the thesis, the on-vehicle

free Wi-Fi connection is assumed to be supported by the city hotspots deployed across the city

and passengers are assumed to seek the bus Wi-Fi service first before using their own cellular

data packages.

We construct the on-vehicle Wi-Fi service map based on the urban hotspot location data and

the free-space-path-loss model; each bus will connect to the closest hotspot automatically (ignore

the handoff delay between Wi-Fi hotspots). Without considering the surrounding obstacles,

multipath interference, and other factors affecting the wireless signals, the capacity of a link in

bits per second (bps) follows Shannon’s Theory [23]:

C = B · log2

(
1 +

S
N

)
, (2.6)

where B = 40MHz for 801.11ac wireless networking protocol [24], the signal-to-noise-ratio (SNR)

= 40dB for the good outdoor environment 2.5 meters from the hotspot [25]. The SNR is linear to
1

distance2 based on the free-space-path-loss model.

We use the hotspot location data to form the map of the on-vehicle Wi-Fi service. Specifically,

for the city of Porto, the collection of hotspot location data is crowdsourced by mobile phone
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Figure 2.14: Map of the on-vehicle Wi-Fi capacity in Mbps.

apps, such as Wiman3, through which users can share their free Wi-Fi hotspot location informa-

tion to the apps. This way, the apps can help other users to automatically connect to the hotspot

when they reach the covered area. The real Wi-Fi hotspot location data for Porto is presented

in Figure 2.13, where demographically dense areas usually concur with dense Wi-Fi hotspot de-

ployments. Figure 2.14 is the map of the on-vehicle Wi-Fi service capacity using Eq. 2.6, where

we assume that the capacity is not affected by whether two or more buses are connecting to the

same hotspot. We observe that the capacity decays with respect to the distance from the hotspot

and that the areas with higher hotspot distribution density will provide higher and more robust

quality of Wi-Fi service (up to 200 Mbps).

Combining the P-SUMO and the on-vehicle Wi-Fi service model, we record the simulated

capacity of the Wi-Fi access rate (Mbps) on each bus trip and add the records to the simulation

output log. Specifically, at every 10 seconds in the simulation of a Wednesday, we associate the

geographical location of each bus trip to the closest Wi-Fi hotspot and calculate the Wi-Fi access

rate. This capacity becomes an attribute of the bus state record, and the average Wi-Fi access

rate allocated to each passenger on the same vehicle becomes an attribute of the passenger’s

experience record.

Figure 2.15 illustrates how the average on-vehicle Wi-Fi service allocated to each passenger

is retrieved based on the simulation. We sample the Wi-Fi capacity along Trip 801-1, which
3https://www.wiman.me/portugal/free-wifi-porto
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Figure 2.15: Example of the average Wi-Fi quality profile along Trip 801-1 on the Wednesday of May 5,
2010.

departed at 6 am on the Wednesday of May 5, 2010; collect the passenger volume; and take the

ratio of the two. This trip starts from the central city area, and the Wi-Fi quality is high. However,

at around 2000 meters into the trip, the passenger volume increases and the average Wi-Fi quality

declines to around 25 Mbps. After 4000 meters, the bus moves into the poor Wi-Fi area while

the passenger volume is large, and thus, the Wi-Fi service is low from the viewpoint of each

passenger. Because the passenger volume will change from day to day, the average Wi-Fi profile

is unique on a daily basis. However, instead of complete randomness, human trajectories show

a high degree of temporal and spatial regularity [8], and thus, the Wi-Fi quality pattern along

Trip 801-1 may still apply to a future normal Wednesday. Based on this dynamic pattern of the

Wi-Fi quality on Trip 801-1, a planner could encourage the client passenger to take the segment

of the trip before 2000 meters and avoid traveling through the segment after 4000 meters.

SUMO and the passenger behavior model, extended by the on-vehicle Wi-Fi service model,

constitute the joint traffic-passenger simulator P-SUMO that enables on-vehicle experience sim-

ulation at the passenger level. The P-SUMO generates the synthetic data necessary for modeling

the city dynamics as a prerequisite of our mobility planning research.
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BusID Stop 
Time  

(mins) 
Pre_vol Target  

207-12 6 498.13 5 7 

207-17 10 554.95 16 20 

207-15 2 529.97 5 10 

207-12 9 500.55 10 12 
 

Table 2.4: Feature and target of 4-D input data.

2.4 Usage of Synthetic Data

In this section, we demonstrate the application value of the P-SUMO by showing how researchers

can rely on the synthetic data to move forward in the absence of complete data in the field

of passenger-related research. As part of the IPTS research, people would like to apply ML

approaches for predicting the passenger volume on buses. However, in practice, the developed

approach is usually not verified due to the lack of the ground-truth validation data. The synthetic

data generated by the P-SUMO can solve the lack-of-complete-data issue.

In this demonstration, we train an artificial neural network (ANN) using the synthetic data

for predicting the bus passenger volume dynamics in real time. The hurdle to applying such a

paradigm in practice is the unavailability of the real passenger volume information. The volume

records in the simulation output log provide an opportunity to make a proof-of-concept of the

ANN-based prediction.

2.4.1 Training and Testing Data Preparation

We extract the bus state information from the P-SUMO simulation output log and divide it into a

training set (75%) and a testing set (25%). Before actually implementing an ANN, we first decide

which features to use as the input. In this experiment, we use two versions of input. The first

version (3-D input) has three features X = [BusID, Stop, Time], where Time is the bus arrival time

at the stop. The second version (4-D input) has four features X = [BusID, Stop, Time, Pre_vol],

where Pre_vol is the passenger volume at the previous stop. The passenger volume at stop i is

defined as the number of on-bus passengers at the moment the bus leaves the stop. The 4-D

version examples extracted from the simulation log are illustrated in Table 2.4, where the last

column is the target value Y we want to predict. The data point in the first row means that the

bus trip "207-12" arrives at the stop "6" at the time of 498.13 minutes (about 8:30 am), and the

passenger volume changes from 5 to 7 after prompting passengers to get on and off. The ANN

30



. . .

.. .
0 500 1000

10

20

30

Epoch

Training loss

Testing loss

(a) (b)

Figure 2.16: ANN structure and learning results.

aims to predict the volume 7 given the information in the first 4 columns.

2.4.2 Neural Network Implementation and Performance

We apply a three-layer neural network and the hidden neuron number is tunable, as shown

in Figure 2.16 (a). The activation function of the hidden layer is the ReLU function: g(a) =

ReLU (a) = max(0, a). The output layer has a sigmoid activation function: g (a) = c · σ (a) =

c/(1 + e−a). Here, c is the bus capacity. We have c = 60 in the simulation. The selection of the

activation functions is based on simplicity and training efficiency. The derivatives of both ReLU

and sigmoid are easy to solve, and the hidden ReLU layer can prevent the vanishing gradient

issue when we increase the depth of the network.

We use the square error loss, l ( f (X) , y) = 1
2 (y− f (X))2, for back-propagation training. We

apply the stochastic gradient descent method to find the weights W and bias b that minimize the

loss objective. The learning result of the 3-D input and 200-hidden-neuron ANN (training over

1000 epochs) is shown in Figure 2.16 (b), where we observe a consistent decrease in the average

loss of both training and testing sets as training proceeds. We implement four ANNs with

different input versions and hidden sizes. Their performance is listed in Table 2.5. The average

prediction error in the fourth column indicates the average difference between the target value

of passenger volume and the corresponding ANN prediction on the testing set. The average
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NN ID Input 
Hidden 

neurons 

Ave. 

error 

NN1 3-D 200 ±5.58 

NN2 4-D 200 ±2.83 

NN3 3-D 1000 ±4.74 

NN4 4-D 1000 ±2.76 
 

Table 2.5: ANN structure and average prediction error.
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Figure 2.17: Passenger volume prediction at each stop: Trip (a) 207-21 (b) 207-35.

error decreases as the hidden size and input dimension increases.

Figure 2.17 presents the prediction for bus trips 207-21 and 207-35 to visualize how the pre-

diction performs for the two bus trips on a future Wednesday. With 3-D input (NN1 and NN3),

the prediction can capture the shape of the ground-truth curve. We observe that the large hidden

size improves the prediction, but not significantly. This is because the information provided by

the 3-D input is insufficient for an accurate prediction. In contrast, NN2 and NN4 can improve

their prediction by using the latest passenger volume information and eventually fit well with

the irregular changes of the day. The experiments verify that structures with 4-D input usually

lead to a significant improvement in prediction.

The experimental results demonstrate the feasibility and effectiveness of applying ANNs to

passenger volume prediction. The daily pattern of the passenger volume dynamics is a valu-

able reference for city planners to improve the bus transit systems and their infrastructures.

For example, to make a strategic arrangement of service resources (e.g., on-vehicle Wi-Fi band-

width assignments) for Trip 207-21, more service resources should be distributed to the bus trip

between Stop 5 and 20 as large passenger volumes are predicted. For a real-time passenger

volume-monitoring purpose, under a condition of limited funding or limited number of sensor
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devices, deploying more sensors to Trip 207-35 is a more reasonable choice than 207-21 because

more uncertainties are predicted.

In this demonstration, using synthetic data, the ANN-based bus passenger volume predictor

has been effectively verified as it can perform decently on the synthetic passenger data, making

it a potentially powerfully tool for real-world prediction.

2.5 Summary

In this chapter, we introduce the joint traffic-passenger simulator, P-SUMO. P-SUMO integrates

SUMO, a passenger behavior model, and an on-vehicle Wi-Fi service model for simulating the

passenger’s on-vehicle experience. We develop a joint simulator for the bus transit system in

Porto, Portugal.

The synthetic bus passenger data has high similarity in terms of spatial-temporal distribu-

tions to the real-world data collected by the AFC system in the same city. We show the ap-

plication value of the synthetic passenger data in a demonstration of predicting the passenger

volumes in real time.
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Chapter 3

Infer the Missing Features in Incomplete Data

For the on-vehicle experience simulation, the specific design of the pre-processing layer in Fig-

ure 2.1 should configure the passenger flow based on real data. The Porto Andate AFC data are

a valuable resource that is directly suitable for such a configuration. Unfortunately, the AFC sys-

tem collecting the passenger data is entry-only, and the unavailability of destination information

limits the data’s use in specifying the passenger flow in the simulation. This chapter describes

our contribution to this issue, which is also a long-standing challenge in the O-D matrix estima-

tion field. To find the passengers’ destinations, traditional approaches rely on heuristics that can

match a limited proportion of the missing features. To fill the remaining missing features, our

work proposes a semi-supervised learning methodology, called Self-Training.

The purpose of self-training is to address the destination inference problem for the remain-

ing unmatched data by taking advantage of the heuristic-based matched data. We formulate

the problem as a semi-supervised learning problem and leverage the self-training methodology

to infer the remaining missing destinations. As part of our contribution, the proposed method

is evaluated using two data sources: the simulation log generated by the joint traffic-passenger

simulator introduced in Chapter 2 and a subset of the heuristic-based matched AFC data. Ex-

periments are designed to compare our approach to baseline methods in terms of inference

performance. Much of the work presented in this chapter was also presented in [26].

3.1 Motivations and Challenges of Filling the Missing Features

To infer the missing features in real data is important because many data recording systems only

save the start of a process, not the end.
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3.1.1 Destination Inference for Passenger Data

The real passenger data accessible to our research have the missing-feature issue. In general,

the data collected by AFC systems and many other automatic data collection (ADC) systems are

incomplete because these systems are entry-only. As shown in Figure 3.1, the entry-only system

only requires passengers to use their transaction cards and identify themselves when entering

a public vehicle; no action is needed from passengers when they alight (i.e., getting off). Entry-

only systems are popular because they reduce the number of transaction devices that must be

supported, and no additional action is needed when passengers leave. As a result, the passenger

transaction data collected by these systems do not provide passengers’ destination information,

limiting direct use of the data to construct the O-D matrices important for the scheduling and

adjustment of public transit service.

Record when 
boarding

No record when 
alighting

Figure 3.1: Entry-only automated transaction system.

Passenger O-D matrices provide important information for operation scheduling and service

adjustment [5]. Generally, the O-D matrices of passengers’ journeys can be obtained in four

ways:

• The first is to conduct manual travel surveys, which are infrequent, expensive, and prone

to response bias [27].

• The second way is to build entry-exit systems on all mass transit vehicles in the city to

accurately record boarding and alighting behaviors for each passenger. As mentioned pre-

viously, for internal mass transit in a city, there is no simple solution to applying such

systems due to hardware costs and passenger inconvenience. In fact, only a few cities are

equipped with an AFC system that can provide passenger information about both boarding
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Passengers in 
entry-only data

Passengers with 
multiple daily trips

Figure 3.2: Traditional methods can apply to passengers who have multiple daily trips.

and alighting locations. To the best of our knowledge, the first passenger-related research

using complete entry-exit AFC data was conducted by Jung et al. [28] in 2017. In their work,

they trained deep artificial neural networks with a large amount of O-D trips provided by

the entry-exit bus fare system in Seoul, Korea and predicted destinations given the entry

information. Though this method is a decent starting point to applying the ML method to

passenger data, its generality to other cities is limited due to the lack of funds for building

a destination collection system.

• As a workaround, the third way is to develop a passenger behavior simulator to gener-

ate simulation data. As seen in Chapter 2, the traffic-passenger joint simulator P-SUMO

has been developed. This work 1) learned a passenger demand model from indirect peo-

ple mobility data, 2) developed a passenger behavior model to jointly run with SUMO,

and 3) generated synthetic passenger data for researchers to work with. The generated

data can be used – to a limited extent – to justify potential ML applications to passenger-

related research. However, without being driven by direct and complete real passenger

data, the simulation results may deviate from the real world, limiting its referential value

to researchers.

• The fourth way is to estimate O-D pairs from either incomplete but direct data or indirect

but relevant data, such as cell phone data [2] and parking-sensing information [29]. Due

to practical efficiency, the fourth path becomes a necessary intermediate step in most pub-

lic transit analysis [30]. Over the past two decades, estimation of O-D matrices directly

from entry-only passenger data has attracted substantial research interest. Traditional ap-

proaches rely on heuristics to estimate passenger destination information. Specifically, as
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shown in Figure 3.2, a passenger might have multiple trips in a day, and the next trip con-

strained by time, distance, and other validation rules lets us match a destination for that

passenger. The work of Nunes et al. [15] estimates the destinations based on two heuristic

assumptions: 1) the most likely destination of the trip is the origin of the next trip, and

2) the most likely final destination is the origin of the first trip of that day. They con-

strained their estimations by transit distance, travel zone limitation, and other validation

rules to ensure accuracy. However, there might still be a considerable amount of entry-only

data in which we are not able to match the destinations, either because we do not have

a subsequent trip or the subsequent trip does not meet the validation rules. In general,

the remaining entry-only data that cannot be matched using heuristic approaches (e.g., the

gray area in Figure 3.2) account for 40-50% of the total entry-only data.

Thanks to previous research, the heuristic-based matched data cover the majority of the pas-

senger population with reasonably high accuracy. There is useful information in the matched

data with which the remaining unmatched data can be inferred, and it is feasible to further im-

prove the inference of the remaining data based on the knowledge obtained from the heuristic-

based matched data. The rest of this chapter details our solution to the destination inference. We

use Nunes et al.’s approach [15] to match some of the entry-only data and infer the remaining

unmatched data using our proposed method.

3.2 Heuristic Method

The heuristic method estimates destinations directly from the entry-only data. We refer to the

destination estimation using heuristics as destination matching. This section introduces a com-

monly used heuristic method upon which our work is based.

For general discussion, the entry-only passenger data have the following four attributes:

t boarding time,

r route code,

o index of the boarding stop, and

h passenger ID.

We also conceptualize:

d index of the alighting stop, and

nr number of stops of route r.
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downstream

Origin1

Origin2

Downstream stop nearest to the next origin

Figure 3.3: Heuristic assumption example.

The heuristic method is conducted based on passengers’ travels that have multiple stages in

a single day. This implies that the data are pre-grouped by date before applying the heuristic

method. Unless otherwise noted, the data in this section are assumed to be same-day. The

objective of matching the destinations of passengers’ travels is to determine the alighting stop of

each travel stage:

d̂h,s index of the matched alighting stop of the s-th stage of passenger h.

The heuristic method applied in this paper is based on two key assumptions: 1) the most likely

destination of a travel stage is the downstream stop nearest to the origin of the next travel stage

(see Figure 3.3), and 2) the most likely destination of the final travel stage is the downstream

stop nearest to the origin of the first daily travel stage.

Let dist[stop1, stop2] be the Euclidean distance between two stops. Define

Ah,s = {i|oh,s ≤ i ≤ nrh,s} (3.1)

as the set of downstream alighting candidate stops, where rh,s is the route code of the s-th stage

of passenger h and oh,s is the index of the boarding stop of the s-th stage of passenger h. Define

stoprh,s(i) as the code of the i-th stop along route rh,s. The inference method is formulated as
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follows:

d̂h,s = argmin
dh,s∈Ah,s

{dist[stoprh,s+1(oh,s+1), stoprh,s(dh,s)]}, for 0 < s < mh , (a)

d̂h,s = argmin
dh,s∈Ah,s

{dist[stoprh,1(oh,1), stoprh,s(dh,s)]} , for s = mh , (b)

s.t.

oh,s 6= dh,s , (c)

dist[stoprh,s+1(oh,s+1), stoprh,s(dh,s)] < c , for 0 < s < mh , (d)

dist[stoprh,1(oh,1), stoprh,s(dh,s)] < c , for s = mh . (e)

(3.2)

Here, mh is the number of travel stages of passenger h; dh,s is the index of the alighting stop of

the s-th stage of passenger h; c is the cutoff distance. The first constraint, Eq. 3.2.c, is to make

sure that the origin and destination of a travel stage are two different locations. The second

constraint, Eq. 3.2.d and the third constraint, Eq. 3.2.e, provide a reasonable walking distance

threshold within which passengers can travel from one stop to another on foot.

Two aspects of the heuristic method are worthy of notice:

• The first aspect relates to how to process the final travel stage: If the travel has more than

two stages, it is arguable that the last travel stage was to reach a destination other than the

first daily origin, and simply accepting that the second heuristic assumption is true brings a

great risk of incorrect matching [15]. Therefore, we restrict the use of Eq. 3.2.b to two-stage

travels with mh = 2, and the final destination of a multiple-stage travel is not matched even

if it meets the constraints.

• The second aspect is about making the method more sophisticated. It is possible to make

use of timing (e.g., a combination of vehicle dwell time and passenger boarding/alighting

time) and vehicle speed in addition to distance to determine the potential destination of

a travel stage or create extra constraints. However, based solely on the entry-only data, it

would be complex and less reliable to handle the noise incurred by temporal traffic jams,

traffic light variations, and other uncertain conditions. Thus, we proceed with the basic

heuristic method first and gradually increase the subtlety when extra relevant information

(such as AVL data, road conditions, etc.) is available.

In the output of the heuristic method, the entry-only data in which the destinations are

successfully matched are called heuristic-based matched data, and the data that remain unmatched

are called remaining unmatched data.
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3.3 Methodology

The problem of focus in this section is as follows:

Given the heuristic-based matched data and the remaining unmatched data, how can we infer

the destination information of the remaining unmatched data?

To deal with the remaining unmatched data, we propose a semi-supervised learning method to

draw probabilistic conclusions about destinations in the presence of the statistics obtained from

the heuristic-based matched data.

3.3.1 Semi-Supervised Learning Problem Setting

We realize that the above destination inference problem can be formalized as a semi-supervised

learning problem. If there is no special notice, the term "stop" refers to "stop index" in this

section.

In data science, the set of the heuristic-based matched data is known as the labeled set and the

remaining unmatched dataset as the unlabeled set. Each data point is a vector xk = [tk, rk, ok, hk].

In our problem, a data point is also called a transaction. We have the labeled data points Xl =

(x1, x2, . . . , xl), of which the labels Yl = (d1, d2, . . . dl) are known, and the unlabeled points

Xu = (xl+1, xl+2, . . . , xl+u) of which the labels are unknown. Here, l is the size of labeled data,

and u is the size of unlabeled data. Note that dk ∈ {1, 2, . . . , n rk} is the alighting stop of the k-th

transaction. rk is the route code of the k-th transaction. We assume that both the labeled and

unlabeled data are drawn from the same distribution.

The goal of semi-supervised learning is to make use of both labeled and unlabeled data to

better infer the label of each unlabeled data point. In our case, we attempt to use this method to

find the missing destinations of the remaining unmatched data.

3.3.2 One-Time Inference Method

We first utilize the one-time inference method, which is a straightforward way to infer the des-

tination of a transaction based on the boarding and alighting statistics of the labeled set. In this

method, we select proper labeled data to answer the question of how, given boarding time t,

boarding route r, and boarding stop o, the probabilities of a passenger in general alighting from

the public vehicle are distributed over downstream stops in the rest of the route. This probability

distribution is called the general alighting distribution.
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Because passenger activity will change from hour to hour in a day, the general alighting

distribution could be inhomogeneous and vary over time. However, rather than complete ran-

domness, human trajectories have a high degree of temporal and spatial regularity [8]. Thus,

according to periodic nature of human activity, it is reasonable to assume that the general alight-

ing distribution of a given boarding mode (i.e., a fixed route and a fixed boarding stop) is stable

within a small period of time on a certain weekday. Based on this assumption, we infer the

destinations of transactions on a weekday basis and construct the O-D matrices for each hour on

a certain weekday, using which, we derive the hourly general alighting distributions.

Specifically, we select all the labeled transactions of a certain weekday (e.g., Wednesday)

and reorganize them according to route. For each route, we count the boarding and alighting

records hourly and store the counts in the O-D matrix of that hour. In this way, each route has 24

matrices. All the O-D matrices are stored into and accessed from dictionary Λ = {ΛT,r}, where

r indices a route code and T indices the clock hour. For route r in hour T, the corresponding

O-D matrix ΛT,r is as follows:

ΛT,r =



0 λ1,2 λ1,3

0 0 λ2,3

0 0 0

· · ·
λ1,nr

λ2,nr

λ3,nr

...
. . .

...

0 0 0 · · · 0


, (3.3)

where

λi,j = Λ
(i,j)
T,r =

l

∑
k=1

1 (tk ∈ T, rk = r, ok = i, dk = j) (3.4)

indicates that in the labeled set, during the hour T, there are λi,j passengers boarding on the route

r at stop i and leaving the vehicle at stop j. Obviously, only the matrix’s upper-right entries have

non-zero values, because under normal conditions, no one can go back to any upstream stops

or leave the vehicle at the same boarding stop after check-in.

After normalization, each row in ΛT,r presents the alighting probability distribution of a

passenger in general. Thus, given an unlabeled transaction with the trip starting at stop o

at time t, the probability of the passenger in general alighting from the public vehicle at the
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candidate downstream stop d is as follows:

p (d|t, r, o; t ∈ T) =
Λ
(o,d)
T,r

∑nr
j=1 Λ

(o,j)
T,r

(3.5)

This is the definition of the general alighting distribution mentioned above. It is a probability

function of destination candidates given the statistics in relevant labeled transactions. Based on

this probability distribution, the inference of the destination can be drawn via:

d̂ = argmax
d
{p (d|t, r, o; t ∈ T)}. (3.6)

With this framework, the one-time inference can be described as the following procedure:

• Given the route r and the boarding time t ∈ T, access the O-D matrix ΛT,r from Λ;

• Given boarding stop o, pick out the o-th row;

• Normalize the row vector to obtain the general alighting distribution; and

• Infer the destination d̂ using Eq. 3.6.

3.3.3 Self-Training (ST)

The one-time inference can be viewed as a preliminary supervised learning method and the

accuracy is low when the size of unlabeled data is comparable to the size of labeled data. In our

case, the size of the unlabeled data is considerable and fully supervised learning is therefore not

feasible. Many ML researchers have found that the unlabeled data, when used in conjunction

with the labeled data, can produce considerable improvement in learning accuracy [31]. This

property also applies to our passenger destination inference problem – by using the information

from unlabeled data to improve the general alighting distribution in Eq. 3.5, the inference Eq. 3.6

will become more reliable. Self-training [32] is a semi-supervised methodology that makes full

use of the unlabeled data to iteratively improve accuracy. Figure 3.4 illustrates the idea of self-

training.

A self-training method involves incrementally increasing the labeled set as learning proceeds.

Specifically, the method uses a base predictor trained from labeled data to predict the labels of

unlabeled data with a confidence score associated to each prediction. Then, certain newly-

labeled data with top-ranked prediction confidence are selected to be added to the original

labeled set; the rest of the newly-labeled data will replace the original unlabeled set. This
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Figure 3.4: Diagram of semi-supervised self-training.

process repeats until some termination conditions are met (i.e., all unlabeled data are labeled

or the iteration exceeds a threshold number). The way we select newly-labeled data to update

the labeled set is called selection strategy. It is crucial that both the base predictor and selection

strategy are well-designed to ensure reliable inference. To implement self-training that applies

well to our passenger data, the base predictor and selection strategy of newly-labeled data are

designed as follows.

Base Predictor

The performance of self-training strongly depends on the confidence of the prediction made by

the base predictor. Thus, we want to quantify this confidence to correctly reflect the reality. The

one-time inference is a good starting point that provides a nice framework for the design of our

base predictor. The base predictor considered in this chapter consists of two parts:

• To construct the general alighting distributions based on the statistics of existing labeled

data; and

• To draw probabilistic conclusions about destinations using the constructed distributions.
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The inference method in Eq. 3.6 still applies here, as it determines the optimal destination

given the statistics of similar observations. Following this framework, the key factor that affects

inference quality is the quality of the general alighting distributions. Different from the one-time

inference method, which simply relies on the direct statistics of the labeled data of a fixed hour,

in order to develop a more reliable approach, we must consider: 1) what kind of labeled data

should be selected, and 2) how many of them are sufficient for constructing a good distribution.

To this end, we design a base predictor that predicts the missing destination labels based on

the statistics of a similarity-based "training set" selected from the labeled set. Specifically, we

use a time window centered at the input boarding time t to define the temporal similarity. The

half-length of the time window is called the bandwidth parameter ∆ (note the bandwidth is 2∆).

Then, the time window Tt centered at boarding time t is:

Tt = {τ|t− ∆ ≤ τ ≤ t + ∆} (3.7)

On the other hand, we modify the O-D matrix dictionary Λ = {ΛT,r} by increasing the temporal

granularity by constructing a base O-D matrix every 6 minutes, and in this case, T in Eq. 3.3 is

a predetermined 6-minute interval. Then, for a transaction of route r at time t, the customized

O-D matrix is

Λt,r = ∑
{T|T∩Tt 6=∅}

ΛT,r. (3.8)

This process accumulates the O-D pairs in the period of Tt to construct an O-D matrix cus-

tomized on the boarding information (t, r, o). Based on Eq. 3.8, the corresponding alighting

distribution is:

p (d|t, r, o) =
Λ
(d)
t,r,o

∑nr
j=1 Λ

(j)
t,r,o

, (3.9)

where Λt,r,o = Λ
(o,:)
t,r is the o-th row of the matrix Λt,r. This is the general alighting distribution

based on the selected similarity-based labeled set. Using this distribution, we apply the base

prediction:

d̂ = argmax
d
{p (d|t, r, o)}. (3.10)
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Figure 3.5: The design of base predictor.

Note that Eq. 3.10 is different from Eq. 3.6. The latter has to choose a matrix from the dictionary

Λ, while the former constructs a customized matrix Λt,r centered at the input’s boarding time.

Figure 3.5 shows the pipeline of the base predictor.

Selection Strategy

The design of selection strategy takes advantage of the base prediction in Eq. 3.10 and uses the

probability p(d̂|t, r, o) as the prediction confidence, then selects the newly-labeled data with top-

ranked prediction confidence to update the labeled set. Specifically, we sort the newly-labeled

data in a descending order with respect to confidence p(d̂|t, r, o) and select the first N data –

along with their labels – to add to the original labeled set. The rest of the newly-labeled data

will replace the original unlabeled set. The value N is a parameter called the threshold of selection.

The number of the iteration of the entire inference highly depends on N. Note that the selection

of labeled data for the training set in Eq. 3.8 is NOT part of the selection strategy, but a part of

the base predictor.

Here we need to clarify a point related to the trade-offs between training effort and per-

formance. In many cases, the use of an ill-designed training selection may eventually cause a

decrease in inference accuracy. In general, the more relevant labeled data used for training, the
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Figure 3.6: Selection strategy.

more reliably the base predictor will perform. However, in a scenario involving large data size,

training effort is a critical concern. When processing EEG-based brain-computer interface data,

Li et al. proposed an idea: Using a proper selection metric, designed for learning the classifier

from a limited number of training data, the training effort could be significantly reduced while

keeping competitive accuracy [33]. Our design of the selection metric achieves this advantage,

and the use of the training data selection in Eq. 3.8 is flexible to trade off inference accuracy

against the algorithm’s scalability. As will be seen later in the experiments, by tuning the time

window bandwidth and threshold of selection, it is possible to reduce the training effort without

seriously deteriorating the inference accuracy. The pipeline of the selection strategy designed in

this section is shown in Figure 3.6.

3.3.4 Self-Training using Personal Historical Information (STP)

We notice that many passengers may appear and take buses consistently in different days, and

this inspires us to incorporate personal historical information to modify the base predictor and

improve the inference performance. Trepanier et al. proposed an idea to incorporate passengers’

daily and weekly travel patterns to complete the missing destinations [34]. This is a feasible

insight, because passenger ID is usually available in entry-only data. Given a passenger ID,
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the passenger’s multiple daily travel stages can be retrieved and corresponding destinations can

be estimated via the heuristic method. In this section, we extend the scope further: Once the

transactions of the same passenger are recorded continuously over a long time (e.g., several

weeks or months), the passenger’s travel pattern on a daily, weekly, and even monthly basis can

be estimated by looking into his or her personal historical records. In statistical practice, the

personal mobility pattern information can be formulated as prior (i.e., probability distribution

that would express one’s beliefs about the destination of a specific person before some boarding

information is taken into account). It is expected that the prior can increase the reality level of

the alighting distribution of passengers who show up consistently on different days.

Personal alighting distribution q

To be specific, we assume that in the entry-only data, parts of passengers (identified by attribute

h) appear repetitively and consistently in different days. Given an unlabeled data point with

passenger ID h, from the labeled set, we search for the passenger’s historical transactions with

the same boarding location (r and o). The boarding time information is not involved here due

to concerns of potential data scarcity. With the assumption, we construct a personal O-D matrix

for each passenger ID and save them in dictionary Ω = {Ωr,h}. We count the alighting records

of passenger h at each downstream candidate stop d to form the personal alighting count vector

Ωr,o,h, of which the d-th element is:

Ω
(d)
r,o,h =

l

∑
k=1

1 ( rk = r, ok = o, hk = h, dk = d) . (3.11)

Ωr,o,h is the o-th row of matrix Ωr,h. The normalized personal alighting count vector Ωr,o,h

defines the personal alighting distribution of the passenger h. Then, for passenger h getting on a

mass transit vehicle at stop o of route r, the probability of the passenger getting off at stop d is:

q (d|r, o, h) =
Ω

(d)
r,o,h

∑nr
j=1 Ω

(j)
r,o,h

. (3.12)

The pipeline for constructing the personal alighting distribution is illustrated in Figure 3.7.

Modified alighting distribution p’

Both the personal alighting distribution (Eq. 3.12) and general alighting distribution (Eq. 3.9) are

generative probabilistic models of destination candidates, from which we can draw destination

samples. To make full use of both distributions in order to make a reliable decision about the
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Figure 3.7: Construction of personal alighting distribution q.
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Figure 3.8: Voting process behind the modify alighting distribution p′.

destination, we propose a voting process. In this process, we have two independent voters. One

of them has a voting distribution that follows the personal distribution q in Eq. 3.12 and the

other follows the general distribution p in Eq. 3.9. Each time, each voter chooses a destination

independently for the input unlabeled data point. Only when the two voters agree with each

other do we make use of the chosen destination. Otherwise, the voting repeats until the two

voters agree. Then, the modified alighting distribution is shown as follows:

p′ (d|t, r, o, h) = p� q =
Λ
(d)
t,r,o ·Ω

(d)
r,o,h

∑nr
j=1

(
Λ
(j)
t,r,o ·Ω

(j)
r,o,h

) . (3.13)

This expression formalizes the probability of destination d being finally selected, conditioned on

the two voters agreeing with each other. The voting process is presented in Figure 3.8.
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Figure 3.9: Modification of p using q under orthogonality condition.

p’ under corner conditions

Under corner conditions where row vectors Λt,r,o and Ωr,o,h are orthogonal to each other, it is

invalid to conduct the operation of Eq. 3.13. This issue becomes nontrivial when we are tuning

the bandwidth parameter ∆. An alternative operation for handling this corner condition is to

use the cumulative distribution function (CDF). Let P (d|t, r, o) and Q (d|r, o, h) be the CDFs of

Eq. 3.9 and Eq. 3.12, respectively. We propose the following modified alighting distribution

under the corner conditions:

p′ (d|t, r, o, h) = p� q

= P (d|t, r, o) ·Q (d|r, o, h)− P (d− 1|t, r, o) ·Q (d− 1|r, o, h),
(3.14)

where p′ (d = 1|t, r, o, h) = P (1|t, r, o) · Q (1|r, o, h). This is equivalent to form a modified CDF

through the element-wise multiplication of P and Q. As can be seen in Figure 3.9, by following

Eq. 3.14, the p � q operation effectively modifies the alighting distribution of p using q. In

particular, probabilities at stops 3, 4, and 5 are properly balanced. In contrast, the calculation of

the distribution using Eq. 3.13 is invalid due to the orthogonality between p and q.

After construction of the modified alighting distributions, the inference procedures are the

same as those in section 3.3.3. The STP inference is conducted using the following expression:

d̂ = argmax
d
{p′ (d|t, r, o, h)}. (3.15)
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Algorithm 2 Self-training using personal historical information

Input:       L, U, N, Iter; L: Labeled set; U: Unlabeled set;  
N: Threshold of selection; Iter: Max number of iteration; 
∆: Bandwidth parameter 

Output:  L,U 
1. {𝛬𝑇,𝑟} ODMatrixDisctionary(L) 
2. {Ω𝑟,ℎ} PersonalODMatrixDisctionary(L) 
3. n1 
4. while (U != empty) and (n< Iter) do 
5.     S= {} 
6.     n n+1 
7.     for each xi =( ti, ri, oi, hi) ∈ U do 
8.         𝑝  alightingDistribution({𝛬𝑇,𝑟}, ti, ri, oi, ∆)  
9.         𝑞  personalPrior({Ω𝑟,ℎ}, ri, oi, hi) 
10.         if 𝑞 is valid do 
11.              𝑝'  p ⊙ q 
12.             (di, Prob_bi)  Estimator(𝑝') 
13.         else do 
14.             (di, Prob_bi)  Estimator(𝑝) 
15.         endif 
16.         S S+ (xi, di, Prob_bi) 
17.     endfor 
18.     Slabelselect N highest Prob_b points{(xi, di)} from S 
19.     Srest  the remaining less confident points {xi} in S 
20.     L L ⋃ Slabel 
21.     U Srest  
22.     {𝛬𝑇,𝑟} ODMatrixDisctionary(L) 
23.     {Ω𝑟,ℎ} PersonalODMatrixDisctionary(L) 
24. endwhile 

return L,U 

The algorithm of the destination inference using self-training with personal historical infor-

mation is presented in Algorithm 2. The algorithm pre-processes the labeled set L to construct

the general O-D dictionary Λ and the personal O-D dictionary Ω (lines 1 to 2). Variable n tracks

the iteration number (line 3). In each iteration (lines 4 to 24), it uses a temporary set S to collect

the newly labeled data. Specifically, for each data point in the unlabeled set U (line 7), it con-

structs the general alighting distribution p and personal alighting distribution q (lines 8 to 9).

Then, it infers the destination di and the corresponding conference score Prob_bi using the mod-

ified alighting distribution p′ (constructed by Eq. 3.14 and Eq. 3.15) if the personal information

q is available (lines 10 to 12). Otherwise, it uses the general alighting distribution p to conduct

the inference (lines 13 to 15). Line 16 collects the newly labeled data point (xi, di, Prob_bi) to S.

Lines 18 to 21 execute the selection strategy to add the first N (i.e., threshold of selection) most

50



Passenger 
ID 

Boarding 
code 

Alighting 
code 

Route 
Boarding 
time (s) 

Alighting 
time (s) 

119959 CSXS2 CVI2 602_rev 60132 60322 
119959 NAT2 ACN1 204_rev 60502 60719 
119959 AQL1 SPTO1 203 61430 61532 

 

Table 3.1: Simulation data examples.

confident newly-labeled data in S to the labeled set L and replace the unlabeled set U with the

rest Srest. The algorithm updates the Λ and Ω using the new labeled set L and turns to next

iteration. This process repeats until U is empty or the iteration n is beyond the termination

number Iter (line 4).

3.4 Data Pre-Processing for Experiments

Two data sources are used for verifying the self-training based methodology: the simulation data

generated by the joint traffic-passenger simulator P-SUMO and a subset of the heuristic-based

matched AFC data.

3.4.1 Passenger Simulation Data of Porto City

Chapter 2 introduced the P-SUMO for the city of Porto, Portugal. The simulation covers the

main bus transit system (136 routes, 855 bus stops, and 5,723 trips in a normal weekday). The P-

SUMO generates bus passenger travel demands and simulates the passengers’ behavior (in terms

of waiting at the stop, boarding, alighting, and transiting until arriving at the final destination).

From the simulation output log, we extract relevant passenger attributes: passenger ID, route,

boarding time (in seconds), and the boarding/alighting stops of each transaction. The records of

ten weekdays (i.e., Wednesdays), totaling 635,111 transactions, are selected as the first dataset for

the experiments. We remove the destination information and apply the inference methodology

to the simulation data. Examples of simulation data for "Passenger 119959" are presented in

Table 3.1.

3.4.2 AFC Passenger Data of Porto City

The second dataset is the real bus AFC data, which contain transaction records in three months

of 2010 (see Section 2.2.4 for descriptions). For each transaction record, we extract six attributes:
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Passenger ID: 20029975520 

Route 
Boarding 

code 
Dirt. Date 

Vehicle start  
time (s) 

Boarding 
time (s) 

801 ATSR2 2 19/5 30547 30977 
801 CB1 1 19/5 31174 32849 
801 ATSR1 1 19/5 44252 46210 
801 SPC 2 19/5 49739 49793 

 

Table 3.2: Porto AFC data examples.

the 1) travel card serial number; 2) transaction timestamp; 3) bus stop where the transaction took

place; 4) route number; 5) route direction; and 6) vehicle trip start time.

We reorganize the data according to our needs. Specifically, the transaction records in all

Wednesdays of the three months are selected for the experiments; there are 12 Wednesdays,

totaling 2,422,079 transactions in the areas of interest. Those Wednesdays are normal weekdays

and any local holidays are avoided. Within each day, the transactions are grouped on a passenger

basis. The reorganized samples of a passenger with multiple travel stages are presented in

Table 3.2.

3.5 Experiments

We conduct experiments using both the simulation and real AFC data and compare performance

of different approaches. This section describes the experimental results.

3.5.1 Experimental Setup and Evaluation Metrics

Preparation of Datasets

We apply the heuristic method described in section 3.2 to obtain the labeled and unlabeled

sets. Following best practices, we control the cutoff distance to a conservative level. For the

simulation data from P-SUMO, the cutoff distance c is 500 meters. With this setting, of all

635,111 transactions, 353,123 are matched with destinations. The remaining 281,988 transactions

are placed in the unlabeled set; thus, we state that the heuristic-based inference rate is 55.60%.

Because we have the ground-truth destinations for the simulation data, we can calculate the

accuracy of the labeled set as 86.23% (the number of correct labels divided by the size of the

labeled set).

For the AFC data, the cutoff distance c is 600 meters. The heuristic method is able to match
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Figure 3.10: Breakdowns of the data used in experiments.

about 61.58% of the total transactions, so that 1,491,416 data have labels. Because the ground-

truth destinations are not available, we select the matched data of three Wednesdays (20/1, 14/4,

12/5) as the unlabeled data, totaling 379,676 data points. The rest of the matched data, totaling

1,111,740 data points, serves as the labeled set.

The data breakdowns are shown in Figure 3.10.

Methods for Comparison

Four different types of destination inference methods are implemented. The random inference

method assigns a destination randomly drawn from the downstream candidates to an unla-

beled data point. The one-time inference, self-training (ST), and self-training with personal

historical information (STP) methods conduct inference in the way described in section 3.3. The

proposed ST/STP methods are designed with tunable parameters. We are particularly interested

in studying the impact of the time window bandwidth parameter ∆ and threshold of selection

N on inference accuracy.

Because different remaining unlabeled sets have different sizes, we need a common indicator

to represent the threshold. We introduce a normalized selection threshold Nk = N/u, where u is

the size of the remaining unlabeled set. In practice, we use its reciprocal N−1
k which is called the

selection threshold coefficient. Using N−1
k is beneficial because it implies the rigorous level of the

selection strategy and the approximate number of iterations the algorithm has to execute before

completion. The larger the N−1
k is, the more selective the selection strategy will be, and the more

iteration times we will have.
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Evaluation Metrics

The performance of different inference methods is compared based on two evaluation metrics:

the mean square error (MSE) and inference count accuracy. The definition of MSE is as follows:

MSE =
∑u

i=1 (d
true
i − d̂i)

2

u
, (3.16)

where dtrue
i is the true stop index of test set and d̂i is the inferred stop index. The inference count

accuracy is defined by the following value:

Accuracy =
∑u

i=1 1(dtrue
i = d̂i)

u
. (3.17)

In this chapter, the terms "inference accuracy" and "accuracy" all refer to this value. It is

necessary to note that the accuracy of simulation data is the ground-truth accuracy because the

true destinations are available. On the other hand, the accuracy of AFC data inference is based

on the labels provided by traditional methods.

3.5.2 Results of Parameter Sensitivity

We first study the influence of the time window bandwidth and selection threshold on accuracy.

Figure 3.11 illustrates that wider bandwidths bring improvements in accuracy given a fixed

selection threshold coefficient. Both ST and STP perform more reliable destination inference

as more relevant labeled data are used for learning a base predictor. An interesting property

observed here is an elbow region beyond which the accuracy is noticeably less sensitive to the

bandwidth. This implies that by selecting a bandwidth in the elbow region, we may reduce

the training set without significantly deteriorating the accuracy. For instance, according to Fig-

ure 3.11.a, the accuracy of ∆ = 3 hours (bandwidth is 6 hours) is reasonably close to that of

∆ = 10 hours (bandwidth is 20 hours), but the training effort of processing the labeled data of

20 hours is way heavier than the former. In experiments, the algorithm run time of 10-hour ∆ is

reduced to less than 43% when using 3-hour ∆.

In big data scenarios, training effort is a primary concern. The process of properly selecting a

limited number of training data to reduce the training effort without seriously reducing accuracy

is important for the scalability of any approach to large-scale datasets. The proposed self-training

methods can meet this end. The red markers in Figure 3.11 are suggested elbow points that

provide reasonable trade-offs between accuracy and training effort.
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Figure 3.11: Impact of the bandwidth on accuracy (N−1
k = 10).

Figure 3.12 shows the performance of ST/STP on both datasets as the selection threshold

increases for certain bandwidths. A larger selection threshold coefficient N−1
k implies that a

smaller number of newly-labeled data are selected to update the labeled set. In this way, more

iterations are executed before the inference algorithm completes. A large N−1
k is beneficial: With

a smaller newly-labeled set in each iteration, the base predictor experiences a more precise train-

ing. As a result, we obtain a more reliable base predictor to deal with the remaining unlabeled

data of which the confidence is very low.

Figure 3.12 also shows that the STP approach can effectively take advantage of personal his-

torical information to further improve the inference accuracy. For the AFC data, STP is generally

superior to ST under the same conditions and achieves a higher accuracy. However, this im-

provement does not appear in the simulation data because the simulator P-SUMO generates

and simulates passengers on a daily basis, with the passengers simulated in different days being

completely independent. As a result, no personal historical information about the simulated

passengers can be extracted from the simulation data. Fortunately, most real data contain iden-

tification information linked to each passenger, and thus, the practical value of STP in the real

world is high.
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Figure 3.12: Impact of the selection threshold on accuracy (∆ = 2 hours for AFC data, ∆ = 3 hours for
simulation data).

One more discussion on Figure 3.12 is about how the wrong labels in the original labeled

set affect the overall accuracy. Because we have the ground-truth labels for the simulation data,

this issue can be studied. The benchmark line in the figure indicates the proportion of correct

labels in the original labeled set. This value implies that 86.23% is the upper bound on the

ST/STP inference accuracy; by selecting proper parameters and conducting inference through

more precise training, the ST/STP method is shown to approach and converge to that limit. At

the parameter setting of ∆ = 3, N−1
k = 200, the self-training based methods achieve a competitive

accuracy of 83.27%. This result demonstrates the robustness of the proposed self-training based

methods against wrong labels in the original labeled set.

3.5.3 Comparison among Methods

Table 3.3 provides the performance of different destination inference methods. Compared to

the random method, the one-time inference method reduces the inference MSE to a noticeable

extent. However, the overall inference quality is still unsatisfactory: By making the inference

only once based on the statistics of the labeled set, the one-time inference would be seriously

affected by noise in the alighting distributions when relevant samples are sparse. In contrast,

the ST and STP methods incrementally make use of the highly-confident newly-labeled data

and filter out the noise when constructing the alighting distributions, leading to a more reliable
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Simulation Data AFC Data 

MSE Accuracy MSE Accuracy 

Random  248.09  3.12% 241.46 2.98% 

One-Time Inf. 25.89 17.76% 63.27 26.15% 

ST 2.21 83.27% 3.758 94.46% 

STP 2.21 83.27% 1.964 97.49% 
 

ST/STP parameters: 𝑁𝑘
−1=100 for all; ∆=2 hours for AFC data, ∆ =3 hours for simulation data. 

Table 3.3: Destination inference performance of different methods.

inference. Eventually, the ST method significantly reduces MSE and achieves an accuracy of

about 83% for the simulation data and 94% for the AFC data. Furthermore, the STP method

proves its ability to incorporate the passengers’ historical information to further improve the

base predictor, achieving an impressive accuracy of 97%.

Finally, the inference rate of ST/STP is 91.85% for simulation data and 99.96% for AFC data,

respectively. Sample deficiency is the major cause of non-inferable data, especially for the sim-

ulation data. The deficiency is due to the fact that some passengers’ boarding scenarios in the

unlabeled set do not appear in the labeled set. In the P-SUMO, the passengers generated on a

weekday are relatively small compared to the urban area in SUMO, leading to sample deficiency.

Due to the lack of reference, some data in the remaining unlabeled set cannot be inferred. An-

other cause of non-inferable data is that, in our implementation, we set a confidence threshold

(0.55), and the inference confidence must exceed this threshold for the results to be accepted.

This acceptance rule could cause consistent rejection to some inferred destinations. We believe

that the acceptance rule can ensure the reliability of our approach for more real-world data

inference problems.

The experimental results support our claim that the semi-supervised self-training methodol-

ogy is an effective solution to inferring the destinations of the remaining unmatched data, and

that the inference performance is significantly improved when compared to baseline methods

that do not use self-training.

3.6 Summary

This chapter describes a semi-supervised self-training method for filling the missing destination

features in the entry-only data. We show that with proper design of the base predictor and se-

lection strategy, we can achieve significant improvement in the inference accuracy. Furthermore,
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tuning the built-in parameters can effectively reduce the training effort. We conduct experiments

to demonstrate that our proposed approaches performed better than baseline methods that do

not use self-training.

The self-training inference method is extendable, as the ST/STP framework can incorporate

any kind of pre-knowledge (e.g., human mobility patterns, weather, road conditions, etc.) to im-

prove inference; it is also possible to apply the self-training method to other types of destination

inference problems once fragments of O-D knowledge about human mobility are available.

The processed bus AFC data will be used for configuring the passenger flow in the joint

simulator P-SUMO for on-vehicle experience simulation.
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Chapter 4

SC-M*: A Multi-Agent Path Planning with

Soft-Collision-Free Constraint

The focus of the thesis includes optimizing the on-vehicle experience via mobility planning on

a city scale. Different from traditional planning research for individual passengers, our research

attempts to simultaneously plan for multiple passengers while limiting the level of interference

among them. We consider the total set of passengers to be divided into two subsets: the client

passengers who request planning service from our planner, and non-client passengers who do not.

In addition to optimizing over a linear combination of multiple criteria, we formalize the

passenger mobility planning as a multi-agent path planning (MAPP) problem, where multiple

client passengers are coupled and may interfere with one another on some services. State-of-the-

art MAPP solvers, such as M*, cannot scale well to such a city-scale MAPP task. One bottleneck

of M* is that the hard-collision-free constraint is too restricted, incurring a surge in the size of

the search space when collisions among many agents happen.

To handle this bottleneck, we introduce the concept of soft collision to the MAPP setting: A

collision among client passengers is soft, quantified using a collision score, and different client

passengers have different scores according to their dissatisfying experience, in which the quality

of some services is low due to interference. We then develop a generalized version of the M*,

the soft-collision-free M* (SC-M*), for solving the MAPP problem under the soft-collision context.

In the field of intelligent planning and scheduling technology, a client passenger can be viewed

as an agent and the mobility planning can be viewed as the path planning, leading the agents to

move from the origin to the destination with constraints.

The SC-M* extends M* by taking the perspective of soft collision. Specifically, the SC-M*
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tracks the collision score of each agent and places agents whose collision scores exceed certain

thresholds into a soft-collision set for sub-dimensional expansion, a technique that limits the search

space while maintaining the cost optimality of the algorithm. In this way, SC-M* achieves im-

proved scalability to handle a larger number of agents while limiting the probability of collisions

to a bound.

Later in this chapter, we demonstrate that the SC-M* has advanced flexibility and scalability

for efficiently solving MAPP problems under the soft-collision context and can handle complex

environments (e.g., with multiple types of agents requesting multiple types of resources). Fur-

thermore, we compare SC-M* to other SC-based MAPP solvers and study the advantages and

trade-offs of SC-M* against baselines in terms of path cost, success rate and run time.

As an outline, this chapter details and theoretically studies the framework of the SC-M*,

while the next chapter focuses on the application of SC-M* to a real public transit system. The

paper [35] covers most of the work in this chapter.

4.1 Background of MAPP

MAPP is a problem involving finding the set of least-cost paths for a set of agents co-existing

in a given graph such that each of the agents is free from collision (i.e., at least two agents

move to the same location at the same time). MAPP attracts increasing attention due to its

practical applications in multi-robot systems for surveillance automation, video gaming, traffic

control, and many other domains [36, 37, 38, 39]. This problem is, however, difficult because

the configuration space grows exponentially with the number of agents in the system, incurring

extremely heavy computational efforts. It is an NP-hard problem to find optimal solutions for

MAPP in its general form [40].

Approaches to solving MAPP fold into three main categories: coupled, decoupled and intermedi-

ate [41]. Coupled approaches search the joint configuration space of the multi-agent system, which is

the Tensor product of the free configuration spaces of all the individual agents. A popular coupled

planner is the A* algorithm that directly searches the whole joint configuration space, making

such an approach computationally infeasible when the number of agents is large. Furthermore,

enhanced variants of A*, such as operator decomposition (OD), enhanced partial expansion A*

(EPEA*), and iterative deepening A* (IDA*), can – to some extent – mitigate the exponential

growth in the number of neighbors by improving the admissible heuristics [42, 43, 44]. Coupled

approaches are optimal and complete, but usually at high computational cost. Decoupled ap-
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proaches plan for each agent separately and then adjust the path to avoid collisions. Algorithms

from this category are generally faster because the graph search and collision-avoidance adjust-

ment are performed in low-dimensional spaces. However, optimality and completeness are not

guaranteed [45, 38]

Intermediate approaches lie between coupled and decoupled ones because they dynamically

couple agents and grow the search space during the planning. In this way, the search space is

initially small and grows when necessary. A few intermediate MAPP algorithms can guarantee

optimality and completeness. State-of-the-art examples include Conflict-Based Search (CBS)

[41, 46]. CBS is a two-level algorithm. At the high level, conflicts are added into a conflict tree

(CT). At the low level, solutions consistent with the constraints given by the CT are found and

updated to agents. CBS behaves poorly when a set of agents is strongly coupled. Meta-agent

CBS (MA-CBS) is then proposed by merging strongly coupled agents into a meta-agent to handle

the strongly coupled scenarios.

The M* algorithm is a state-of-the-art coupled approach. It starts with decoupled planning

and applies a strategy called sub-dimensional expansion to dynamically increase the dimensional-

ity of the search space in regions in which agent collisions occur. In this way, an efficient graph

search with a strict collision-free constraint can be achieved, while minimizing the explored

portion of the joint configuration space. M* identifies which subsets of agents can be safely de-

coupled and hence plans for multi-agents in a lower-dimensional space. Compared to CBS and

its variant MA-CBS, M* and its variants (e.g., recursive M* [rM*]), have much more fine-grained

control over some technical details, such as the management of conflict sets for better scalability.

The fine-grained nature of M* allows it to be integrated into MA-CBS to take advantage of both

[47]. Recent work extended both M* and CBS algorithms to handle the imperfect path execution

due to unmodeled environments and delays [48, 49].

Most fundamental MAPP approaches assume hard collisions, not allowing any two agents to

co-exist at the same node or edge. This chapter extends collisions to the concept of soft collisions

in which agents may softly collide when their satisfaction conditions are reduced. Based on this

concept, we introduce the soft-collision-free M* (SC-M*), which generalizes the M* framework

to efficiently handle MAPP problems under the soft-collision context.
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4.2 Motivations of SC-M*

SC-M*, introduced in this chapter, generalizes M* to handle a subset of real MAPP problems un-

der the soft-collision context. Problems of this type have some properties in common: 1) Agents

can softly collide when their satisfaction conditions are reduced; 2) the extent of reduction in

satisfaction depends on how long the dissatisfying situation lasts in terms of distance or time.

In addition to public transit scenarios focused in this thesis, other examples where SC-M* can

apply include: network traffic engineering, where multiple data streams can route through a

router. Long streams will have a higher chance of being blocked when unexpected traffic spikes

pop up, exceeding the link capacity [50]. How to maximize the throughput with a bounded

chance of blocking is of great interest to researchers in the field of communications and computer

networks. Another example is planning for large-scale self-driving cars, where multiple cars can

share the same lane, but the number of cars on a road will influence the chance of crashes

among autonomous vehicles [51, 52]. Scholars and engineers dealing with the fundamentals of

autonomous vehicles in unstructured and dynamic environments aim to increase the road traffic

while bounding the crash risk.

Thus, introducing the soft collision property to agents and developing SC-based MAPP plan-

ners are important for many practical problems. Our work is the first attempt to generalize

the M* framework to this type of problem and introduce SC-M*. The value of this research is

twofold. On one hand, the planning and scheduling academic community would like to see 1)

how much flexibility and scalability the M* solver can have when applying to the soft-collision

context, 2) whether and how much the completeness and optimality of M* will be affected under

the soft-collision setting, and 3) how the design of some components in SC-M* (e.g., the design

of functions mapping agents’ experience to the collision probability) will affect the performance.

On the other hand, in the field of intelligent transportation systems, urban transportation plan-

ning practitioners would like to see how M* can be applied to the public transit domain and

settle the passenger mobility on a large scale to help with the congestion and resource manage-

ment issues, given the challenging surge in city population and mobility needs. This chapter

focuses on the first aspect, while the next chapter deals with the second.

4.3 Technical Briefing of M*

Before introducing the SC-M* method, this section briefs the traditional MAPP problem and the

M* algorithm [41].

62



4.3.1 MAPP Problem Definition

In this problem, we have m agents indexed by the set I = {1, . . . , m}. Let the free configuration

space of agent j be represented by the directed graph Gj = {V j, Ej}. For any agent j, graph Gj

is the same. The joint configuration space, which describes the set of all possible states of the

multi-agent system, is represented by the Tensor product of the graphs of all individual agents:

G = G1 × · · · × Gm. G consists of a joint vertex set V and a joint edge set E. As an example, in a

2-D joint configuration space given by the agents j and k, the two 2-D joint vertexes vp = (vj
p, vk

p)

and vq = (vj
q, vk

q) is connected by the joint edge (ej
pq, ek

pq). Note that vj
p ∈ V j and ej

pq ∈ Ej. Let

π j(vj
p, vj

q) denote a sequence of joint vertexes, called a path in Gj from vj
p to vj

q. The cost of a

path π(vp, vq) in G is defined as

g(π(vp, vq)) =
m

∑
j=1

g(π j(vj
p, vj

q)), (4.1)

where g(π) is the sum of all edge costs involved in the joint path π.

The problem of MAPP is to find a collision-free path, which is optimal with respect to min-

imal cost, from the source configuration vs = v1
s × · · · × vm

s to the destination configuration

vd = v1
d × · · · × vm

d . To determine the collision between agents, a collision function ψ(vp) is

defined to return the set of conflicting agents at vp.

Most fundamental MAPP approaches usually default hard collisions that no intersection is al-

lowed between every two agents in terms of the occupation of any resource, such as a workspace.

This implies that the capacity of each resource can support only one agent at a time (i.e., a

collision happens immediately once agents intersect at any resource). Suppose we have a set

of resources A = {A1, . . . , AL} requested by each agent in the multi-agent system, where Ai

is the set of resource of Type i on all edges or vertexes and it is a continuous set because only

continuous resources are considered in the thesis. A traditional hard-collision-free constrained

MAPP problem can be formulated as follows:

min
π

g (π (vs, vd))

s.t. ⋃
∀i 6=j∈I

(
Ak(vi

p) ∩ Ak(v
j
p)
)
= ∅, ∀Ak ∈ A, ∀vp ∈ π,

(4.2)

where Ak(v
j
p) denotes the subset of resource Ak occupied by the agent j at the joint vertex

vp. One state-of-the-art solver to this problem is M*, which uses the sub-dimensional expansion
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strategy to dynamically increase the dimensionality of the search space in regions featuring some

agent collisions. M* enables a relatively cheaper graph search under the strict hard-collision-free

constraint.

4.3.2 Graphic-Centric Description of M*

This section uses the graphic-centric description introduced by [41] to illustrate M*. M* is

a complete and optimal MAPP algorithm. The main idea of M* is to iteratively construct and

update a so-called search graph Gsch (i.e., to iteratively remove the collision configuration vertexes

and expand necessary neighbors) and apply the A* algorithm on the new Gsch until the optimal

collision-free path to vd exists in the Gsch and is found by the A* search. Specifically, Gsch is a sub-

graph of G and consists of three other sub-graphs: the expanded graph Gexp, neighbor graph Gnbh,

and policy graph Gφ. The expanded graph Gexp is the sub-graph of G that has been explored

by M*. Gnbh contains the limited neighbors of all the joint vertexes in Gexp. The definition of

limited neighbors will be given later. Gφ consists of the paths induced by the individual optimal

policy φ that connects each joint vertex in Gnbh ∪ Gexp to vd without the collision-free constraint.

Specifically, φj is the individual optimal policy for the agent j that leads any vj in Gnbh ∪ Gexp to

vj
d without considering collisions. Examples of policy φ include the standard Dijkstra’s algorithm

and A*. Using the above graphic concepts, we can define the collision set Cp as

Cp =

 ψ
(
vp
)⋃ {⋃vq∈VpVpVp ψ

(
vq
)
}, f or vp ∈ Gexp

∅ , f or vp /∈ Gexp
, (4.3)

where VpVpVp = {vq|∃π(vp, vq) ⊆ Gexp} is the set of the joint vertexes to which there exists a path

from vp in Gexp. Let φj(vj) be the successor vertex of vj in the policy path, then the limited neighbors

Vnbh
p of the joint vertex vp in Gnbh are defined as

Vnbh
p =

vq

∣∣∣∣∣∣
 ej

pq ∈ Ej, f or j ∈ Cp

vj
q = φj

(
vj

p

)
, f or j /∈ Cp

 , (4.4)

where ej
pq = edge

(
vj

p, vj
q

)
. The definition of the limited neighbors implies the sub-dimensional

expansion strategy: We only expand the search space at the dimensions where the collision

occurs (j ∈ Cp), otherwise for collision-free dimensions (j /∈ Cp), M* will not expand, confining

the unexpanded search space to the individual optimal path induced by the policy φ.
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4.3.3 Algorithm Description of M*

The high-level description of M* is as follows [41]: Initially, M* computes the individual optimal

policy φ for each agent from source vs to destination vd. The initial search graph Gsch only

consists of an individual optimal path: Initial Gexp contains vs only; initial Gnbh contains φ(vs)

only, which is the successor of vs along the individual optimal policy; and initial Gφ contains

the optimal policy path from the vertex in Gnbh and Gexp all the way to vd. Cp = ∅ for all vp

in initial Gsch. Given the initial Gsch, the A* algorithm is applied using the following admissible

heuristic

h
(
vp
)
= g(πφ(vp, vd) ) ≤ g(π∗(vp, vd)), (4.5)

where πφ is the individual optimal path induced by policy φ, and π∗ is the ground-truth optimal

multi-agent path we want to find. The initial open list (aka. priority queue) contains vs only, with

zero cost. The open list is ranked according to vp.cost + h
(
vp
)
, where vp.cost is the current cost

of vp from the source.

In each iteration, M* expands the first-ranked vertex vp from the open list to Gexp and inves-

tigates each joint vertex vq in the limited neighbors of vp (i.e., vq ∈ Vnbh
p ) if no collision occurs

at vp; otherwise, it jumps to the next iteration. If there exists a collision (i.e., ψ
(
vq
)
6= ∅), M*

will update the collision set Cq with Cq ∪ ψ
(
vq
)
, and this update will back-propagate from vq to

its immediate predecessor vp AND all the way back to any ancestors that have at least one path

inside of Gexp leading to vq (see Eq. 4.3 for details). After this pre-processing, the algorithm

• Investigates and updates the cost of the vertex vq and records its corresponding predeces-

sor; and

• Adds vq and all its predecessors/ancestors, of which the collision sets are changed, to the

open list.

This process is repeated until vd is expanded.

The critical point is that: only when a collision set Cp is changed will the search graph Gsch

change. It is the operation of updating the collision set in a back-propagation way that makes

the story different: By including ψ
(
vp
)

to Cp, M* can tell which agents are immediately collided

at the current vp; by including all ψ
(
vq
)

for vq ∈ Vp to Cp (i.e., the collision information of all

the expanded downstream successors from vp), M* can preview which agents will collide in

the future, making it possible to pre-plan to avoid that. Therefore, using the limited neighbor
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set in Eq. 4.4 makes sense: It advises M* to only expand the dimensions where there exists an

immediate collision at vp OR there will be collisions in the future, starting from vp, in the current

expanded graph Gexp. See Figure 4.1 for an example of how M* solves the optimal collision-free

path planning for the two agents.

From Figure 4.1, we can visualize the evolution of the search graph Gsch of Agent 2, which

consists of an expanded graph Gexp (circle), a neighbor graph Gnbh (diamond), and a policy

graph Gφ (square). Edge cost and direction-changing cost are considered during planning.

Yellow zones are preferred areas with lower edge cost. In M*, individual optimal paths are

induced by φ for each individual agent (Figure 4.1.a). We can observe that there will be a collision

at vertex s10, which is ignored by φ. For Agent 2, M* searches in the subspace, and the most

promising vertex is expanded at each iteration (Figure 4.1.b and Figure 4.1.c). Then, a collision

occurs at vertex s10 and triggers the removal of the rest of Gsch (Figure 4.1.d), which is equivalent

to jumping to the next iteration. Following the sub-dimensional expansion strategy, M* extends

the search space to include the limited neighbors, and a new Gsch is obtained (Figure 4.1.e). By

searching in the new Gsch, M* finds the optimal collision-free path for Agent 2 (Figure 4.1.f and

Figure 4.1.g). On the other hand, the planning for Agent 1 is conducted simultaneously, and

finally, the collision-free optimal paths for both agents are found by M* (Figure 4.1.h).

Figure 4.2 shows an example of applying M* for four agents, where the A* individual optimal

planning causes Agent 2 and 3 to collide with Agent 1 along their individual optimal paths,

while only Agent 4 is free from collision. To handle the collisions, M* adjusts the paths of Agent

2 and 3 to go upward and rightward, respectively at the first step. In this way, newly planned

paths are collision-free and all the four agents’ mobility demands are accommodated. Agent 4

maintains its optimal path.

4.3.4 M* Challenges and Improvements

Using the sub-dimensional expansion strategy, M* gains some planning efficiency in terms of

success rate and run time while maintaining the cost optimality. Generally, in a typical four-

connected grid world with 32x32 cells, M* can handle fewer than 40 agents, compared to 10

with the standard A* [41]. However, the curse of dimensionality (CoD) challenge remains an

issue for M*. There are several bottlenecks blocking M* from further scalability. Some of them

were researched and mitigated.

The first bottleneck is rooted in the property of M* to accumulate the collision set from
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Figure 4.1: Illustration of traditional M* for two agents, where we show the evolution of the expanded
graph Gexp (circle), neighbor graph Gnbh (diamond), and policy graph Gφ (square) for Agent 2 as the M*
algorithm proceeds.
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Figure 4.2: Planning for four agents with origins (O1, O2, O3, O4) and destinations (D1, D2, D3, D4).

the current joint vertex back to all its predecessors/ancestors in the expanded graph. This

property guarantees the completeness and optimality of M* but on the other hand incurs a

surge in the size of the search graph when collisions among too many agents happen. Previous

approaches to this issue include the recursive M* (rM*) [39, 41], which decouples the colliding

agents into multiple disjoint subsets. Each subset contains the mutually colliding agents only.

In this way, rM* can find a path for each independent set of mutually colliding agents in a

lower dimension and use the resulting paths to constrain the exploration in future iterations.

This strategy brings in efficiency – the computation is exponential with respect to the size of the

largest set of mutually colliding agents, instead of the total number of colliding agents. Around

10 more agents can be handled using rM* than using the basic M*.

The second bottleneck of the M* lies in using A* as the basic component in searching the

high-dimensional graph Gsch, which adds all the out-neighbors of the expanded vertexes to the

open list, limiting the efficiency of planning. Replacements of A* for searching in the search

space can bring some efficiency to M*. Successful examples include EPEM* and ODM*, which

replace the A* component in M* with the EPEA* [43, 53] and OD [42], respectively. Integration

of the rM* technique to these algorithms results in advanced variants, EPErM* and ODrM*.

Around 30 to 40 agents can be handled by using these methods.

The third bottleneck is related to the choice of individual policies when constructing the

policy graph Gφ. The performance of M* is very sensitive to the individual policies because

more than one optimal path may exist for each agent. Improper choice of individual policies will

result in a large number of agents colliding at one vertex, preventing a solution from being found

in a reasonable run time. Researchers have made great efforts to develop policy optimization for
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optimizing the choice of individual policies before starting an M* search. The MA-CBS algorithm

[46] is a good fit for this role because it iteratively adds constraints on individual agents, rather

than the joint configuration space, and searches for paths consistent with the set of constraints,

until the destination configuration is reached without any collisions. Using MA-CBS as the

policy generator and combining it with ODrM* leads to the MA-CBS+ODrM* algorithm [47],

which achieves the state-of-the-art performance to handle more than 60 agents.

The final bottleneck is due to the fact that the collision-free constraint is too restrictive for

many applications. Our contribution in the thesis is to mitigate the fourth bottleneck by intro-

ducing the perspective of soft collisions and show that proper slackness in the collision constraint

(i.e., the soft-collision-free constraint) is rewarding without losing much of the optimality.

4.4 Soft-Collision-Free M* (SC-M*)

In this section, we formulate the concept of soft collisions, generalize M* for planning in the

soft-collision context, and extend our approach to a more complex environment with multiple

types of agents requesting multiple types of resources.

4.4.1 Soft-Collision-Free Constraint

Inspired by some real-world scenarios, we introduce the soft collision property to the model of

an agent and develop the soft-collision-free M* (SC-M*), a generalized version of M* to efficiently

solve the MAPP in the soft-collision context.

We define that all the agents have the following properties: 1) a collision among agents

is soft, quantified using some collision scores and 2) different agents have different collision

scores, according to their individual experiences through the paths. We suppose that each agent

cares about a set of resources A = {A1, . . . , AL}. To obtain the properties, we introduce to each

agent an additional attribute called resource experience (for each resource) and use the resource

experience to calculate the collision score.

In doing so, this section first uses the resource experience (will be defined in Definition 1), to

indicate how unpleasant the agent is about the resource allocated to it. Then, we combine this

information of all the resources into a collision score (will be defined in Definition 2), that indicates

the probability of the agent announcing a collision given its resource experience. Thresholds of

collision are used to limit the collision score, implying to what degree of unpleasant we want

to pursue the solution. The agent, of which the collision score exceeds the threshold, will be
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placed into a soft-collision set via the soft collision function for sub-dimensional expansion (will

be defined in Definition 3).

Definition 1 (Resource Experience)

We use resource experience to quantify the dissatisfying experience per resource about which an

agent cares.

Let

• π = π (vs, vb) be a path from the source vs to some vb;

• vq = π
(
vp
)

be the immediate successor of vp along the path π;

• Ak(e
j
pq) be the capacity (amount) of the subset of the resource Ak on the edge ej

pq, given by

the graph model;

• Aj
k(e

j
pq) be the amount of the subset of the resource Ak actually allocated to the agent j on

the edge ej
pq, called the allocated resource value.

The resource experience is then defined as the dissatisfying experience of agent j on resource Ak

along the path π j:

D
(

π j, Ak

)
= ∑

vp|vp∈π/vb

1
(

Ak(e
j
pq) ≥ εk ∧ Aj

k(e
j
pq) < εk

)
· g(ej

pq), (4.6)

where 1(·) is the indicator function; εk ∈ ε = {ε1, . . . , εL} is the satisfying value regarding the

resource Ak, which is a positive real value; g(ej
pq) is the edge cost regarding travel time/distance

given by the graph model; Aj
k(e

j
pq) is formulated as:

Aj
k(e

j
pq) =

Ak(e
j
pq)

∑k∈I 1
(

ek
pq = ej

pq

) . (4.7)

Obviously, Aj
k(e

j
pq) = Ak(e

j
pq) if and only if no other agents are physically moving along with

agent j on the edge ej
pq. The allocated resource value Aj

k(e
j
pq) quantifies the level of interference

incurred by other agents when they physically move together. In contrast, the traditional hard-

collision setting will always label a collision to the agent j and all other involved agents whenever

Aj
k(e

j
pq) is (even slightly) smaller than Ak(e

j
pq). The resource experience is used as an attribute

of a joint vertex and can be calculated incrementally using Algorithm 3.
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Algorithm 3 Function: experience(vk, vl , A)

Input:   : base vertex; 
  : immediate successor of the base; 
 : list of resource

O utput:    with updated experience
1: for   in  do

2: for  in  do
3:   .exp[  ][j]    .exp[  ][j]+          

    

4: endfor
5: endfor
6: return   //the successor with updated experience

Combined with the allocated resource value, which serves as a proxy of the interference level,

the definition of resource experience in Eq. 4.6 actually defines a property of an agent: Only the

situation in which the resource allocated to an agent is dissatisfying because of the co-existence

of other agents, will contribute to the dissatisfying experience of that agent. Furthermore, each

dissatisfying condition is weighted by the edge cost g(ej
pq). In this way, we can quantify the

resource experience in terms of how long such a dissatisfying condition lasts in travel time

or distance. As will be discussed later, the resource experience of an agent will determine its

collision score, which is defined from a probabilistic point of view.

Definition 2 (Collision Score)

We use the resource experience results from Definition 1 to calculate the collision scores. This

is defined from the view point of collision probability, that must be constrained below some

threshold.

Let

• Col j be the event that agent j announces a collision (i.e., when agent j calls for one of the

resources, the allocated resource is less than satisfying);

• Dj = {Dj
1, . . . , Dj

L}, where Dj
k = D

(
π j, Ak

)
, be the set of dissatisfying experiences of agent

j along path π j on the resource Ak;

• fk ∈ f = { f1, . . . , fL} be a customized cumulative distribution function (CDF) defined on

[0,+∞), mapping the resource experience D to a probability of collision on the resource

Ak.
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Figure 4.3: Example designs of CDFs, mapping the resource experience of an agent to a collision proba-
bility on certain resource. f1: sigmoid-based CDF for important (sensitive) resources. f2: linear CDF for
trivial (insensitive) resource. δ: offset parameter adjusting the tolerance level.

The collision score of the agent j is defined as the probability of how likely a collision occurs to

the agent j on at least one of the resources given its resource experience Dj:

P
(

Col j

∣∣∣Dj
)
= 1− ∏

k∈{1,...,L}

(
1− fk(Dj

k)
)

. (4.8)

Note that P
(
Col j

∣∣Dj) calculates the complement of the success probability – the joint probability

of being collision-free on all resources.

Figure 4.3 shows two example designs of f . f1(D) = sigmoid(D − δ), with a discontinuity

point f1(0) = 0, is a sigmoid-based CDF function, featuring a surge in the collision score (the

derivative is bump-shaped) at the experience value around δ. This function is suitable to im-

portant resources that are sensitive to the agent. f2(D) = min(1, D/(4δ)) is a linear CDF with

a shallow slope (the derivative is flat). This function can apply to trivial resources that are not

very sensitive to the agent but still accumulate to contribute to the collision score. We use the

offset parameter δ to adjust the tolerance level of the dissatisfying experience. With larger δ, the

agent will tolerate a longer unpleasant experience before announcing a collision.

Although the definition of the collision score can be customized according to different prac-

tices, the probabilistic definition of collision score introduced here is a general one: Different

types of resources may have different value ranges, and Eq. 4.8 standardizes the resource ranges,

mapping them to a value between [0, 1] and enabling an efficient integration of different types

of resources to the framework.
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Definition 3 (Soft Collision Function ψ̃)

Now, according to the collision scores from Definition 2, we want to pick out the above-threshold

agents and place them into the soft-collision set via the soft collision function for the purpose of

applying the sub-dimensional expansion.

Given a path π = π (vs, vb) and corresponding resource experience Dj for the agent j, the

soft collision function of the agent is

ψ̃j (vb) =

 {j} , f or P
(
Col j

∣∣Dj) ≥ T

∅, otherwise
, (4.9)

where T is the threshold of collision. The definition of the global soft collision function is then defined

as

ψ̃ (vb) =
⋃
j∈I

ψ̃j (vb). (4.10)

Based on Definition 3, we can formally construct the soft-collision-free constraint and obtain

the soft-collision-free constrained MAPP problem:

min
π

g (π (vs, vd))

s.t.

ψ̃
(
vp
)
= ∅, ∀vp ∈ π.

(4.11)

SC-M* is a general solver to this problem by adjusting M* to the soft-collision-free constraints.

The pseudocode for SC-M* is presented in Algorithm 4, where critical commands relative to the

soft-collision-free constraint are underscored. In this algorithm, lines 1 to 7 initialize each vertex

v in the vertex set V with infinite cost from the source vs (the cost of vs itself is zero), zero

dissatisfying experience and empty collision set Ck. The initial open list contains vs only (line 8).

In each iteration, SC-M* expands the first-ranked vertex vk in the open list ordered by the total

cost vk.cost + heuristic[vk] (lines 10 to 11). The algorithm terminates and returns the result if

the expanded vk is the destination vd (lines 12 to 14) or jumps to the next iteration if immediate

collision occurs at vk (i.e., ψ̃ (vk) 6= ∅ [lines 15 to 17]). Line 18 constructs the limit neighbors Vnbh
k

of vk using Eq. 4.4. For each vertex vl in Vnbh
k (line 19), it adds vl to the descendant set Vk of vk

(line 20), updates the dissatisfying experience of vl using Algorithm 3 (line 21), and merges the

immediate collision at vl to its soft-collision set Cl (line 22). On top of the new collision set of vl ,
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Algorithm 4 Soft-collision-free M*

 

Input:     𝑣𝑠 : source joint vertex; 𝑣𝑑 : destination joint vertex;  
               {𝑉, 𝐸} : joint configuration graph; 𝐴: list of resources  
Output:  Path finding results 
1: for all 𝑣𝑘  in 𝑉 do 
2:     𝑣𝑘 .cost +∞   
3:     𝑣𝑘 .exp all zero experience 
4:     𝐶𝑘 ∅ 
5:     𝑣𝑘 .traceBack ∅  

6: endfor 

7: 𝑣𝑠 .cost 0 
8: open {𝑣𝑠}   
9: while open≠ ∅ do 
10:     open.sort() by 𝑣.cost+heuristic[𝑣] 
11:     𝑣𝑘 open.pop()  
12:     if 𝑣𝑘 = 𝑣𝑑  then //optimal path found 
13:          return back_track_path[𝑣𝑘] 
14:     endif 
15:     if 𝜓 (𝑣𝑘 ) ≠ ∅ then  
16:          continue //skip the vertex in Collisions 
17:     endif 

18:     construct 𝑉𝑘
𝑛𝑏ℎ  using Eq. 4.4 

19:     for 𝑣𝑙  in 𝑉𝑘
𝑛𝑏ℎ  do   

20:         add  𝑣𝑙  to 𝑉𝑘      //note 𝑉𝑘 = {𝑣𝑞 |∃𝜋(𝑣𝑘 , 𝑣𝑞) ⊆ 𝐺𝑒𝑥𝑝 } 
21:         𝑣𝑙experience(𝑣𝑘 , 𝑣𝑙 , 𝐴) //update experience using Algorithm 3 
22:         𝐶𝑙 𝐶𝑙  ∪ 𝜓 (𝑣𝑙) 
23:         backpro_update(𝑣𝑘 , 𝐶𝑙 , open)   

 // update all affected soft-collision sets using Eq. 4.3   
//add all affected vertexes back to open list [40] 

24:         if 𝜓 (𝑣𝑙) = ∅ and 𝑣𝑘 .cost+𝑒𝑘𝑙 .cost< 𝑣𝑙 .cost then  
25:              𝑣𝑙 .cost 𝑣𝑘 .cost+𝑒𝑘𝑙 .cost 
26:              𝑣𝑙 .traceBack 𝑣𝑘  
27:              open.add(𝑣𝑙) 
28:         endif 

29:    endfor 

30: endwhile 

31: return no path exists 

SC-M* backpropagates to update all the affected ancestor vertexes from vl (see Eq. 4.3) and adds

them back to the open list for re-expanding (line 23). After this collision set updating operation,

if vl is free from collision and has improved cost, the algorithm accepts the new cost by save the

trace-back information and adding vl to the open list for expansion (lines 24 to 28). This process

repeats until the open list is empty (line 9) when no solution exists or the optimal solution is

found (lines 12 to 14).

SC-M* can make a transition from a decoupled individual A* (T = 1) to a standard hard-

collision-free constrained M* (T = 0), providing more flexibility to the performance of the algo-
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rithm with bounded soft-collision scores.

4.4.2 Completeness and Cost-Suboptimality

A MAPP algorithm is complete if it guarantees that it will either return a path, or determine that

no path exists in finite time. An algorithm is optimal if it guarantees returning an optimal path if

such a solution exists. SC-M* is complete and suboptimal conditioned on the soft-collision-free

constraint (i.e., P
(
Col j

∣∣Dj) < T, for a given collision threshold T).

Completeness

SC-M* inherits the sub-dimensional expansion from M* (i.e., it changes the Gsch only when one

of the soft-collision sets Cp changes). The algorithm applies A* in the updated search graph. Due

to the merging operation applied to collision set Cp, as shown in Eq. 4.3, Cp for each vertex will

change finite times (at most m times, which is the number of agents). Because A* is complete,

applying A* to a given Gsch takes finite time to return a result. Therefore, SC-M* is complete.

Cost-Suboptimality

Different from M* which is optimal, SC-M* is suboptimal because Eq. 4.9 and Eq. 4.10 only

include the immediate conflicting agents to the soft-collision set; the agents that softly interfere

with the conflicting agents in the upstream path are excluded. Those excluded agents also

contribute to the announced collision (i.e., the collision score is above the threshold). Because

of this property, SC-M* cannot guarantee the inclusion property, which is the basis to ensure the

optimality in M* [41]: The optimal path for some subset of agents costs no more than the joint path taken

by those agents in the optimal joint path for the entire set of agents. Because of losing the inclusion

property, SC-M* may not guarantee cost optimality.

Figure 4.4 provides a counterexample of the inclusion property of SC-M* under the soft-

collision MAPP context. Let π′Ω(vk, v f ) be the joint path constructed by combining the optimal

path for a subset Ω ∈ I of agents with the individual optimal paths for the agents in I\Ω. The

inclusion property is defined as follows: If the configuration graph contains an optimal path

π∗(vk, v f ), then ∀Ω ⊂ I, g(π′Ω(vk, v f )) ≤ g(π∗(vk, v f )). See Lemma 6 in [41].

Under the soft-collision context, this inclusion property does not always hold. In Figure 4.4,

we have a three-agent MAPP problem (I = {r1, r2, r3}) under the soft-collision context. The

agents r1, r2, and r3 attempt to move from the vertex a, f , and h to the vertex e, g, and i,
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r1, r2, and r3 have the planning O-D demands (a, e), ( f , g), and (h, i), respectively. Vertexes in the system
are labeled as a, b, c, etc.

respectively. The individual optimal paths (lowest distance) are a → b → c → d → e with

distance 4 for r1, f → c → d → g with distance 3 for r2, and h → b → c → i with distance 3 for

r3. The total cost of the joint individual optimal path is 10. However, assume that the agent can

only tolerate a dissatisfying experience with distance 1, r1 will announce a collision at the vertex

d because of the interference on the edge b→ c and c→ d from agent r3 and r2, respectively.

If we choose Ω = {r1, r2} ∈ I, as can be seen in Figure 4.4, the only solution would be that r1

takes a detour through the vertex x to avoid the collision on the edge c → d, resulting in a cost

of 5 for r1, and the total g(π′Ω(vk, v f )) is 11 (3 for r2, 5 for r1 and 3 for r3). On the other hand,

by searching through all three dimensions, a better solution would be that r3 detours through

the vertex y, and r1 is free from collision because the interference on the edge b→ c disappears.

The total cost of this joint path is 10.5, and we have g(π′Ω(vk, v f )) = 11 > g(π∗(vk, v f )) =10.5,

which is contradictory to the inclusion property.

The reason for this phenomenon is that under the hard-collision context, only the immediate

conflicting agent r2 contributes to the collision of r1 at the vertex d. However, under the soft-

collision context, both r2 and r3 contribute to the collision of r1 at the vertex d, and thus, the

76



Figure 4.5: Grid system with 20x20 stops and 40 bidirectional lines.

inclusion property does not apply. Without this inclusion property, which is the basis of the

optimality of M*, the optimality of SC-M* cannot be guaranteed.

However, we notice that suboptimal methods have long been used successfully to solve many

interesting MAPP problems [54, 55, 48]. Given the fact that we will show in the next section that

SC-M* is superior to other alternative SC-based MAPP solvers (e.g., SC-A* and SC-CBS) in terms

of scalability, run time, and path cost, we believe that the proposed method, which is adjusted

to MAPP under the soft-collision context, is a powerful tool in practice.

4.5 Experiments and Results

We evaluate SC-M* in simulation on a grid public mass transit network with an Intel Core i7-

6700 CPU at 3.4 GHz with 16 GB RAM. As shown in Figure 4.5, the grid transit environment

has 20x20 stops. There are 20 bidirectional horizontal lines. Likewise, 20 bidirectional vertical

lines are deployed in the environment. At each stop, agents can switch lines. The yellow areas

are covered by some resources, such as the on-vehicle free Wi-Fi in our experiments. Agents

traversing those areas can enjoy high-quality on-vehicle Wi-Fi connections. A fully covered edge

has a Wi-Fi resource value of 100, and the Wi-Fi value of an edge is proportional to the length

of coverage. Each agent wants to move from its source (square) to its destination (circle) with
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Figure 4.6: Impact of the collision threshold T (given δ = 6.0) and offset parameter δ (given T = 0.35) on
one-resource-one-type SC-M*.

 

m T=0 T=0.2 T=0.4 T=0.45  m 𝛿=3.0 𝛿=6.0 𝛿=9.0 

5 0.556389 0.52489 0.5472 0.3616  5 0.5060 0.3616 0.5750 

10 1.25143 1.18687 0.7057 0.7965  10 1.0765 0.7965 1.0427 

20 403.3011 2.72513 1.4871 1.4488  20 2.2578 1.4488 2.1034 

40 >1000 56.1898 4.2336 4.4318  40 17.201 4.4318 4.5250 

70 >1000 370.059 257.59 255.78  80 477.96 292.17 59.310 

95 >1000 1000 951.34 774.40  120 >1000 >1000 857 

Left:  𝛿 = 6.0.    Right: T=0.35 

Table 4.1: Run time of one-resource-one-type SC-M* under different parameters.

the lowest cost (i.e., a linear combination of distance cost and Wi-Fi cost) as well as bounded

collision score. The second resource is the space on the edge, which is fixed at 5. The satisfying

values are ε1 = 20 and ε2 = 1 for Wi-Fi and space resources, respectively.

We randomly generate a source-destination pair for each agent. Each trial is given a 1000-

second run-time limitation to find a solution. For each configuration (including the number of

agents, collision threshold T, and offset parameter δ), we run 20 random trials to calculate the

average metrics (i.e., the success rate and run time). We use the standard A* as the coupled

planner and policy generator in the SC-M* framework and compare our results to the baselines

without integrating any advanced A*s.
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4.5.1 Planning for the One-Resource-One-Agent-Type

The first experiment considers Wi-Fi as the only resource requested by agents (i.e., A = {A1 :

”WiFi”}). Only one agent type exists, and all agents use sigmoid-based function f1 as the

collision CDF.

We first study the influence of the collision threshold T and the offset parameter δ on perfor-

mance. Figure 4.6.a shows the success rate of the one-resource-one-type SC-M* with different

thresholds T =0 (equivalent to the basic M*), 0.2, 0.4, and 0.45, while the offset parameter is fixed

to δ = 6.0. Table 4.1.Left shows the run time in seconds for the experiment. The results clearly

show that larger thresholds bring improvement in performance with a higher success rate and

lower run time for a large system size (m > 50). The improvement in performance results from

the property of SC-M* that larger thresholds render more relaxed constraints, and thus, agents

are less likely to collide on resources.

Figure 4.6.b shows the success rate of the SC-M* with different offset parameters δ = 0, 3.0,

6.0, and 9.0, with fixed T = 0.35. Table 4.1.Right shows the run time for the experiment. The re-

sults illustrate that SC-M* is sensitive to δ and can efficiently handle up to 100 agents with δ=9.0.

These results are reasonable because the sigmoid-based CDF is used in the experiments, featur-

ing a surge in the collision probability at the experience value around the offset, and the offset

parameter poses a cutoff value on the resource experience, with collision always announced once

the resource experience is larger than the offset. The standard M* (T = 0) can only scale to fewer

than 30 agents. Taking advantage of this property, one can tune the parameters to trade off the

scalability against the tightness of constraints.

4.5.2 Planning for the Two-Resource-Two-Agent-Type

We also conduct other experiments with SC-M* in more complex environments: two agent

types requesting two resources. This experiment considers both Wi-Fi and space capacity (i.e.,

A = {A1 : ”WiFi”, A2 : ”Space”}). Type I agents use f1 in Figure 4.3 as the collision CDF for the

Wi-Fi resource, and the linear CDF f2 for the space resource, implying that they treat Wi-Fi and

space as important and trivial, respectively. On the other hand, Type II agents use f1 for space

and f2 for Wi-Fi. Each agent has a 50% chance of being Type I. Both CDFs are adjusted using

the same δ at each trial, as illustrated in Figure 4.3.

Figure 4.7.a shows the success rate of the two-resource-two-type SC-M* with different thresh-

olds T = 0 (equivalent to the basic M*), 0.2, 0.35, and 0.45, and with a fixed offset parameter
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Figure 4.7: Impact of the collision threshold T (given δ = 9.0) and offset parameter δ (given T = 0.35) on
two-resource-two-type SC-M*.

 

m T=0.2 T=0.35 T=0.45  m 𝛿=6.0 𝛿=12.0 𝛿=15.0 

5 0.3438 0.3493 0.363948  5 0.333498 0.3677 0.527464 

20 1.2485 1.8549 1.807993  20 1.479236 1.4032 2.369483 

40 10.102 3.2387 4.415021  40 61.49792 4.5024 4.043310 

60 503.94 106.02 104.6499  60 521.2721 306.46 60.30944 

90 901.91 801.47 702.4526  70 627.0925 347.14.62 209.5725 

100 >1000 909 901.1799  100 901.91 751.78 606.6522 

Left:  𝛿=9.0.  Right: T=0.35 

Table 4.2: Run time of two-resource-two-type SC-M* under different parameters.

δ = 9.0. Table 4.2.Left shows the run time for the experiments. As can be seen from the results, in

general, SC-M* can handle the two-resource-two-type systems and plan for more than 80 agents.

Because more resources contribute more factors to increasing the collision score, a relatively

large offset (δ =9.0) is needed to achieve comparable performance to the one-resource-one-type

SC-M*.

Figure 4.7.b and Table 4.2.Right present the impact of the offset parameter δ on performance.

Different from the first experiment, SC-M* with the above configurations is less sensitive to δ,

when compared to Figure 4.6. The reason is that 50% of the agents are insensitive to one of the

resources because of the linear CDF f2, and thus, increasing δ does not contribute to a signifi-

cant reduction in collisions. This property implies that we can control the importance levels of

resources efficiently through the design of collision CDFs. This experiment demonstrates that,
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Figure 4.8: Average cost difference of SC-based MAPP solvers from the individual optimal cost under the
one-resource-one-type context.

with the proper parameter settings, SC-M* can feasibly handle a complex environment with

multiple resources and multiple agent types.

4.5.3 Comparison of SC-M* to Baselines

We now compare the SC-M* to other SC-based MAPP algorithms, including SC-A* (optimal)

and SC-CBS (suboptimal), under the one-resource-one-type environment.

Path Cost

Firstly, we compare the path cost of the three algorithms. We design 18 planning tasks for

environments with 4, 5, and 6 agents, in which agents will encounter at least one collision along

the individual optimal paths under the T = 0.05, δ = 1 setting. We start with small agent

numbers because SC-A* cannot handle large agent numbers.

Figure 4.8 shows the average difference among the three SC-based solvers in terms of the

individual optimal cost (i.e., the cost of the individual optimal path that ignores the constraint).

We observe that SC-A* and SC-CBS have the lowest and highest additional cost, respectively.

SC-M* solutions cost more than SC-A* but noticeably less than SC-CBS.

To be more detailed, in the experiments, we design 8, 5, and 5 MAPP tasks for environments

with 4, 5, and 6 agents, respectively, in which all the tasks are designed to encounter at least

one collision along the individual optimal paths under the abovementioned configuration. Thus,
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Diff. from individual optimal 

cost Run-time 

m index SC-CBS SC-M* SC-A* SC-CBS SC-M* SC-A* 

4 1 67.09 16.49 16.49 1.62 2.22 4.22 

4 2 48.39 37.39 37.39 1.93 3.74 18.64 

4 3 18.69 18.69 17.59 0.77 1.32 5.37 

4 4 320.09 183.59 183.59 4.87 2.98 19.39 

4 5 240.89 209.99 178.19 2.53 1.66 310.96 

4 6 14.29 14.29 4.39 1.15 0.93 6.00 

4 7 49.49 49.49 27.49 1.21 2.05 8.62 

4 8 21.99 21.99 5.49 1.66 1.07 5.59 

5 1 328.79 258.39 41.79 1.48 1.10 6.02 

5 2 56.09 50.59 50.59 2.63 2.06 60.23 

5 3 128.69 91.29 83.59 1.42 4.73 1581.30 

5 4 103.39 96.79 96.79 2.05 5.03 714.77 

5 5 86.89 86.89 5.49 1.39 3.61 6.43 

6 1 31.89 9.89 9.89 1.30 2.26 388.99 

6 2 51.69 51.69 1.09 1.59 1.83 699.98 

6 3 18.69 13.19 13.19 1.26 2.50 54.32 

6 4 16.49 5.49 5.49 2.79 4.12 304.52 

6 5 188.09 10.99 10.99 2.76 4.12 502.34 

 

Table 4.3: Results of the cost optimality/suboptimality experiments.

additional costs from the individual optimal path are expected upon the three SC-based MAPP

solvers. The detailed results are presented in Table 4.3, where we can observe that the additional

cost of SC-M* from the individual optimal cost is consistently bounded between SC-A* (lower

bound) and SC-CBS (upper bound). The run time of the SC-M* is longer than but competitive

to that of SC-CBS and significantly faster than the SC-A*.

The reason for the result is that SC-A* is an optimal solver for this type of MAPP problem

because it always explores cheaper paths in the entire multi-agent joint space before considering

the paths that cost more [56]. SC-M* is suboptimal because of the process discussed in Section

4.3.2. Compared to SC-M*, SC-CBS suffers from more path cost due to the way it collects a

collision: CBS collects collisions into a conflict tree and makes the collision into the form (agent

j, vertex v, step s), indicating that the agent j collides at the vertex v at step s. In each iteration,

CBS conducts decoupled planning to avoid the agent j reaching the vertex v at step s. This is

unsuitable in the soft-collision context because there might exist another path that leads j to

the vertex v at step s without announcing a collision, by avoiding one of the upstream vertexes
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Figure 4.9: Illustration of the difference in planning among SC-A*, SC-M*, and SC-CBS.

involved in soft interference. In contrast, SC-M* can explore those paths excluded by SC-CBS

because it searches the entire space of the immediate colliding agents. Figure 4.9 provides an

example to visualize the difference in planning among the three SC-based MAPP solvers.

Figure 4.9 shows a two-agent MAPP problem under the soft-collision context. The agents r1

and r2 attempt to move from the vertex a and f to e and g, respectively. The individual optimal

paths (shortest distance) for both agents are a → b → c → d → e with distance 4 for r1 and

f → b → c → d → g with distance 4 for r2, respectively. The total cost of the joint individual

optimal path is 8. r1 and r2 softly collide on the edge b → c and c → d, where r2 can tolerate

the dissatisfying experience with distance 2. However, r1 can only tolerate the dissatisfying

experience with distance 1 and announces a collision at the vertex d.

When using SC-CBS, we will record the collision that occurred to r1 as (r1, d, 3), indicating

that the agent r1 will collide at the vertex d at the third step. Then, SC-CSB will avoid any paths

leading r1 to d at step 3 (including a → b → x → d → e and a → b → c → d → e) and will end

up with a longer detour through the vertex y. The SC-CBS solution has a cost of 5 for r1 and 9

in total.

When using SC-M*, the collision at d triggers the sub-dimensional expansion of the search

graph in dimension 1, which includes both x and y. Thus, it can find a cheaper collision-free path

through x and end up with a soft-collision-free path a → b → x → d → e with a dissatisfying

experience of distance 1 and a cost of 4.5 for r1 (8.5 in total). However, SC-M* does not expand

dimension 2 because no collision has been announced by r2.
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m SC-CBS SC-M* SC-A* 

4 1.971 2.002 47.35 

5 1.798 3.312 473.7 

6 1.942 2.969 390.0 
 

Table 4.4: Average run time of SC-based MAPP solvers under the one-resource-one-type context.

When using SC-A*, the joint search space of both dimension 1 and dimension 2 is ex-

panded and searched. Instead of the vertexes x and y, SC-A* will first investigate the vertex

z in dimension 2 according to some heuristics. This process leads to another cheaper path

f → b → z → d → g with distance 4 for r2 (8 in total, which is the same as the individual opti-

mal cost) and avoids all interference by moving through this path. As a result, SC-A* returns an

optimal soft-collision-free solution at the expense of search space.

The example in Figure 4.9 illustrates the optimality of SC-A* and the advantage of SC-M* in

path cost over SC-CBS. To be specific, SC-M* provides a better solution than SC-CBS by searching

thoroughly through the expanded dimensions, whereas the way SC-CBS identifies collisions is

inappropriate under the soft-collision context.

Run Time

Table 4.4 shows the average run time of the three SC-based MAPP solvers and we observe

that both SC-M* and SC-CBS are significantly faster than SC-A* in terms of run time. This

is reasonable because SC-A* always searches the global high-dimensional joint space, which is

expensive. SC-CBS is faster than SC-M* because it always searches in one individual dimension

at a time, whereas the SC-M* needs to occasionally deal with high-dimensional space when

collisions occur.

Scalability

We compare the scalability of the three SC-based MAPP solvers in terms of planning for a

large system size (m > 50). Figure 4.10 presents the success rate, average additional cost (i.e.,

how much more cost than the individual optimal path), and run-time ratio over SC-CBS under

different thresholds T, where the run-time ratio of SC-CBS is compared to itself and thus is

constant. SC-A* has the slackest constraint (T = 0.35, δ = 9.0) but poorest performance because

of the prohibitively large search space. SC-CBS has the best success rate because of the property

of the decoupled searching. However, this is at the expense of path cost. SC-M* performs
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Figure 4.10: Success rate, cost, and run time ratio of the three SC-based MAPP solvers under different T.

decently in terms of both the success rate (significantly superior to SC-A*) and cost (noticeably

lower than SC-CBS) as the number of agents increases.

The run time of the SC-M* is generally longer than that of SC-CBS. In Figure 4.10.c, we

observe that the run-time ratio of SC-M* over that of the SC-CBS starts to decrease after a peak.

This is because we force all algorithms to terminate after 1000 seconds, and both curves will

converge to value one when their success rates decline to zero. We conduct another scalability

experiment with different offsets δ (given T = 0.25) and observe the same results in terms of

scalability. Figure 4.11 shows the experimental results.

In addition, we repeat all the experiments described above on another transit system featuring

bottleneck areas. In terms of the success rate, run time, path cost and scalability among the three

SC-based algorithms, the same phenomena are observed. Appendix A provides the structure of

the transit system and main experimental results.

Considering the scalability and path cost altogether, SC-M* demonstrates its overall advan-

85



0 20 40 60 80

0

20

40

60

80

100

0 20 40 60 80

0

5

10

0 20 40 60

0

50

10

0

15

0

200

SC-A* SC-M*/SC-CBS
SC-M*/SC-CBS SC-CBS/SC-CBS

( =9.0)=9.0)(T=0.35,

SC-A* =9.0)(T=0.35,

SC-M* ( =2.0)
SC-CBS ( =2.0)

SC-M* ( =9.0)

SC-CBS ( =9.0)

( =2.0)

R
u

n
-t

im
e

 r
a

ti
o

 o
v
e

r 
P

C
-C

B
S

A
v
e

. 
d

if
fe

re
n

c
e

 f
ro

m
 

in
d

iv
id

u
a

l 
o

p
ti
m

a
l 
c
o

s
t

S
u

c
c
e

s
s
 R

a
te

(%
)

Number of Agents Number of Agents(a) (b)

Number of Agents(c)

Figure 4.11: Success rate, cost, and run-time ratio of the three SC-based MAPP solvers under different δ.

tages over alternative SC-based solvers.

4.6 Summary

This chapter describes SC-M*, a generalized version of M*, which can handle MAPP problems

under the soft-collision context. SC-M* is complete and suboptimal, constrained on the soft-

collision-free condition. Experimental results demonstrate that SC-M* has improved scalability

to plan for more agents and can be extended to handle more complex systems involving multiple

resources and multiple types of agents. It is possible to further improve the performance by

integrating advanced M* variants or other complete and optimal MAPP solvers, such as EPErM*,

ODrM*, etc.
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Chapter 5

SC-M* for Real-World Bus Transit System

This chapter applies the SC-M* algorithm presented in Chapter 4 to a real-world public transit

system. The SC-M* should customize the planning for different types of client passengers and

handle their mobility requests on a city scale.

In Chapter 2, we developed a data-driven on-vehicle experience simulator P-SUMO for the

bus transit system of Porto, Portugal that simulates the passenger behaviors and the dynamics

of certain on-vehicle resources (i.e., Wi-Fi quality and space availability). We apply the SC-M*

to the Porto bus transit system to study the algorithm’s performance. We generate the mobility

plans based on the expectation graph (will be defined later), which is constructed using the logs

of simulations driven by the historical data, and test the plans’ execution based on the testing

simulations driven by the future unseen data.

To mitigate the scalability issue in real systems, we tune the SC-M*’s build-in parameters.

Similar to Chapter 4, we design experiments to evaluate the proposed method in terms of path

cost, soft-collision-free constraint, and scalability in terms of run time and success rate. The

experimental results show the advanced scalability and flexibility of the SC-M* for handling

complex environments with multiple types of passengers requesting multiple types of service

resources. Paper [57] covers most of the work in this chapter.

5.1 Multi-Passenger Multi-Criteria Mobility Planning in Real Public Transit

Most traditional research into planning for passenger-level mobility in the context of public

transit networks aims to find the shortest path for independent individuals, also known as route

planning [58]. When concerning passengers’ experience, shortest path algorithms are not enough

because they only consider distance or time as the optimization criterion. For public transit net-
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works, however, other criteria are just as important, leading to a multi-criteria planning problem.

A popular planning method is scalarization, which uses a linear combination of criteria as the

optimization objective. This approach transforms the multi-criteria search into a single-criterion

search using the criteria’s weighted sum, which is practical and computationally feasible.

In addition to multi-criteria mobility planning, multi-passenger mobility planning is neces-

sary for intelligent public transportation systems, in which passengers have various preferences,

even necessities, in terms of public resources, such as seat availability (necessary for seniors) or

on-vehicle Wi-Fi supply (preferred by video viewers and game players during the trip). When

concerning multiple passengers’ mobility on a city scale, it is not practical to plan for each

passenger independently because passengers may interfere with one another regarding public

resources. Individual optimal paths can cause serious interference, leading to low-quality expe-

riences. Interference between passengers is soft because it is possible that they do not call for

the same resource when they are on the same public vehicle. Also, they are able to tolerate each

other over a short time and distance. Intuitively, how likely a collision (intolerable interference)

actually happens depends on 1) whether the resource supply is less than the demands and 2)

how long the lack-of-supply condition lasts in terms of the time and distance that the passengers

stay together.

Client passengers can be viewed as agents moving through the transportation network. When

we plan for all the agents, eliminating any hard collision is neither necessary nor feasible. Thus,

we are more interested in another problem: how to maximize the public resources received by

all client passengers such that the probability of collision of each client passenger is less than a

bound?

We formalize the problem as a MAPP problem under the soft-collision context, and we opti-

mize the mobility of each client passenger over multiple public resources. To solve the practical

problem efficiently, for the first time, we generalize the SC-M* to plan for and accommodate

multiple client passengers simultaneously. Our work contributes to showing that a MAPP solver

framework can be extended to the public transportation domain and accommodate the passen-

gers’ mobility demands on a city scale. The SC-M* is expected to help with the congestion and

resource management issues in the context of a surge in city’s population and mobility needs.

The work in this chapter is based on the building blocks in previous chapters. Specifically,

Chapter 2 and Chapter 3 enable the on-vehicle experience simulation which provides synthetic

passenger data and bus transit data that are necessary to build a model of the urban public

transit network. On top of the model, the proposed SC-M* in Chapter 4 can apply.
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5.2 Briefings of Relevant Building Blocks in Previous Chapters

In previous chapters, we developed three building blocks needed for the development and

demonstration of the multi-passenger multi-criteria mobility planner for the Porto bus transit

system.

5.2.1 SC-M*

The development and fundamental analysis of the proposed SC-M* were conducted on a small

grid environment in Chapter 4, and the obtained theoretical results show that SC-M* is:

• Complete – given a finite graph, it guarantees either returning a path in finite time or

determining that no planning solution exists;

• Suboptimal – it may not return the optimal path because the soft collision set defined in

Eq. 4.9 and in Eq. 4.10 ignores the soft conflicting agents in the upstream path in return for

improving the scalability;

• Superior in path cost to other SC-based solvers, such as SC-CBS (i.e., to combine the soft

collision free constraint with the state-of-the-art Conflict-Based-Search algorithm [46]). This

low path cost results from that the SC-M* explores the expanded dimensions thoroughly

whereas the SC-CBS conducts decoupled searching for each individual agent.

SC-M* demonstrates its significant overall advantages in terms of cost optimality (i.e., path

cost) and scalability (i.e., run time and success rate) over other alternative MAPP solvers under

the soft-collision context, making it a promising candidate for solving the city-scale passenger

mobility planning.

5.2.2 Retrieving the Missing Destination in Real Data

Chapter 3 inferred the missing destination information from the entry-only AFC passenger data

by applying the semi-supervised self-training approach. Specifically, based on the self-training

using personal historical information (STP), we retrieved >90% of the missing O-D demands

with high inference confidence. The post-processed O-D demands will serve as the input con-

figuration of the non-client passenger flow in the on-vehicle experience simulation.
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5.2.3 On-Vehicle Experience Simulator

Chapter 2 presented the joint traffic-passenger simulator P-SUMO combined with the on-vehicle

Wi-Fi service model. Important points about the joint passenger behavior modeling and simu-

lation in P-SUMO are as follows:

• The Porto bus transit system is established in SUMO and the on-vehicle Wi-Fi service map

based on real urban hotspot location data is constructed;

• The interactions between buses and passengers take place at the bus stop, and the number

of boarding and alighting passengers affects the bus dwell time;

• The interactions between buses and other road traffic are simulated by SUMO, in which a

bus’s travel time on the road varies according to the traffic conditions and the bus dwell

time at stops;

• The simulation log records detailed passenger experiences (waiting/boarding/alighting

time at a stop, Wi-Fi quality on buses, travel distance, etc.) and bus state information (bus

arrival time at each stop, on/off passengers’ ID, bus stop dwell time, Wi-Fi quality samples

on each route, passenger volume, etc.).

With the joint traffic-passenger modeling, the simulator P-SUMO captures primary interac-

tions among passengers, buses, and traffic. The simulation log will be used to construct the

expectation graph. As will be discussed later in this section, the expectation graph is a model of

the public transit network, which is a prerequisite for the planning. Based on model, the SC-M*

application is applied. We run the simulation for all four Wednesdays in May of 2010, using

the simulation logs of the first three Wednesdays (May 5, 12, and 19) as the historical data for

constructing the expectation graph, based on which we apply the SC-M* to generate mobility

plans. The generated plans are tested by executing them in the testing simulation of the unseen

Wednesday on May 26, 2010.

5.3 Additional Stepping Stones Prior to Applying SC-M*

Before applying the SC-M* to generate mobility plans, the algorithm needs to 1) pre-process the

simulation-log data to build the expectation graph of the bus transit network and 2) customize

certain technical details of the SC-M* to the bus transit system because the real systems differ
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from the traditional MAPP environments. To this end, this section introduces the time-expanded

expectation graph model and the forward-the-tail-agent approach.

5.3.1 Expectation Graph of Bus Transit Network

One key point to planning for improved experience with soft-collision-free constraints is to con-

struct a model of the urban public transit network with necessary information. In addition to

the static infrastructure information about the bus routes and stop locations, dynamic informa-

tion obtained from the simulation (e.g., the timing of the bus trips, Wi-Fi quality, and passenger

volume) is needed. We use a time-expanded model to model the static and dynamic information

about the public transit system in a weekday, and the average of the time-expanded models of

several weekdays produces the expectation graph, upon which we apply the SC-M* during the

planning phase.

Time-Expanded Model (A Model for One Weekday)

The public transit network is based on a timetable, consisting of a set of stops, routes, and trips.

A trip of a route corresponds to a vehicle visiting a list of stops along the route at specific times

of day [58]. The main approach for constructing a graph of the public transit network from the

timetable is time-expanded modeling [59]. The time-expanded model creates a vertex for every

event (e.g., a bus arriving at a stop) in the timetable and uses edges to connect subsequent events

in the direction of time flow. In our research, we replace the timetable events with the bus-arrival

events in the simulation log to build the time-expanded model.

As illustrated in Figure 5.1, we consider the bus transit network as a directed graph G (note that

the graph G here is the same as Gj in Section 4.3.2, for simplification). Each vertex corresponds

to an event in the simulation log. An event is defined as a bus arriving at a stop during a bus

trip of a certain route. In Figure 5.1.a, for example, the blue route (with blue solid arrows) has

three bus trips, and v2−1 corresponds to a bus arriving at the bus stop V1 during the blue bus

trip 2 at the time t2−1. V1 is defined as the set of the arrival events occurring at the same stop

(i.e., Stop 1). The arrow edge connects two subsequent bus-arrival events along a bus trip. The

color of the edge indicates the route the bus trip belongs to. For example, the blue edge from

v1−1 to v1−2 indicates that, during the blue bus trip 1, the arrival event at the stop V1 at time

t1−1 precedes the arrival event at the successor stop V2 at time t1−2. In the graph, passengers

can transfer to another bus trip of the same route. The transfer connections are represented by
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Figure 5.1: Time-expanded graph for the bus transit network of one weekday. (a) shows the time expanded
graph for the blue route and (b) shows how passengers can transfer between two different routes. (c)
shows the transfer links between walking-reachable stops. All dashed vertexes/ovals indicate the set of
events occurring at certain stop V.

the yellow dotted arrow edges. The events at the same stop are fully connected, and any pair of

subsequent events has a yellow dotted connection.

For the time-expanded graph, Figure 5.1.b illustrates that the red route (with red dashed

arrows) and the blue route (with blue solid arrows) share the same stop, V2, and that passengers

can transfer from the red route to the blue route at this stop (t5−2 < t1−2 is a prerequisite for

creating such a transfer edge). In addition to transfer edges at the same bus stop, walking

transfer edges are introduced into the graph, as illustrated in Figure 5.1.c. Stops within a short

geographical distance (e.g., 640 meters) are considered as reachable via walking, and passengers

would be willing to walk a few more meters to transfer routes there. The transfer edge between

bus stops (black dashed circles/ovals) in Figure 5.1.c indicates the full connection between any

pair of subsequent events occurring at the two stops.
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Expectation Graph Construction (Average Model of Several Weekdays)

After obtaining the simulation log of a weekday from the P-SUMO, we extract the simulated

travel time, average Wi-Fi quality, and passenger volume as each edge’s attributes. The yellow

dotted transfer edges are outside of the vehicles; thus, their Wi-Fi and passenger volume at-

tributes are set to zero. We construct the time-expanded models of three simulated Wednesdays

in May (i.e., May 5, 12, and 19). By averaging the attributes over the three models, we obtain

the expectation graph of the bus transit network. SC-M* uses the graph to plan for the client

passengers in the planning phase. Using this graph, passengers who reach one of the events at

the destination stop fulfill their individual travel plan. One disadvantage of the time-expanded

model is that the resulting graph is quite large. To handle this issue, the expectation graph only

contains bus trips of which departure times are within a 30-minute time window. Specifically,

our experiments use a time window between 14:00 and 14:30.

5.3.2 Forward-the-Tail-Agent Approach

In contrast to the MAPP settings, in which the agents are assumed to reach certain vertexes at

a time step (i.e., the time spent on each edge is the same), the agents in real-world networks

do not synchronize because of the various travel times spent on different edges. As shown in

Figure 5.2.a three agents in the traditional MAPP context are assumed to synchronize at the

joint vertexes (v1
1, v2

4, v3
7), (v

1
2, v2

5, v3
2), and (v1

3, v2
6, v3

3) at the times t1, t2, and t3, respectively.

Therefore, the planner will know that the Agent 1 and Agent 3 meet up at v2 and interfere on

the edge from v2 to v3. However, when traditional MAPP planners are applied directly in real-

world networks, as shown in Figure 5.2.b, agents will move from the joint vertex (v1
1, v2

3, v3
5)

to (v1
2, v2

4, v3
1) after the first step, and the interference on the edge from v2 to v3 cannot be

detected in real time. Thus, without this synchronization property, SC-M* and other MAPP

algorithms cannot be directly applied. Note that identical vertexes are shaded in colors and we

have t1 < t2 < t3 < t4 < t5 in Figure 5.2.

To deal with this practical issue, we introduce the forward-the-tail-agent approach. At each

time step, this approach only forwards the agent at the tail (i.e., the last agent in the time flow).

If multiple agents synchronize at the tail, they will be forwarded simultaneously. In Figure 5.2.b,

three agents start with the joint vertex (v1
1, v2

3, v3
5) and the approach only forwards Agent 3

(Agent 3 is at the tail at that time, which is underscored) from v3
5 to v3

1 at the first step, and the

joint vertex (v1
1, v2

3, v3
1) is reached. At step 2, Agent 2 is at the tail and is forwarded from v2

3 to v2
4.
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Figure 5.2: Forward-the-tail-agent approach to handle non-synchronization in real systems.

Then, the joint vertex (v1
1, v2

4, v3
1) is reached, in which both Agent 1 and Agent 3 are at the tail.

At step 3, both Agent 1 and Agent 3 are moved to v1
2 and v3

2, respectively, and the interference

on the edge from v2 to v3 is detected at this step. Compared to the three joint vertexes in the

traditional MAPP setting in Figure 5.2.a, Figure 5.2.b shows a sequence of four joint vertexes

by using the proposed approach: (v1
1, v2

3, v3
5), (v

1
1, v2

3, v3
1), (v

1
1, v2

4, v3
1), and (v1

2, v2
4, v3

2). The

forward-the-tail-agent approach can also be directly applied to the synchronization scenario in

Figure 5.2.a, performing exactly the same as the traditional MAPP algorithms.

Using the expectation graph construction and the forward-the-tail-agent approach, the SC-M*

planner can be generalized to the real Porto bus transit system to generate mobility plans for

client passengers. The client passengers’ mobility planning is based on the expectation graph

in the planning phase and executed in the testing environment of a future unseen weekday

(provided by the testing simulation) in the testing phase.
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5.4 Experiments and Evaluations

This section evaluates the proposed SC-M* on the on-vehicle experience simulator P-SUMO. The

evaluation is twofold.

• First, we start with the planning tasks for a small number of client passengers under the

strict hard-collision-free constraint. On top of this planning, we can conduct a zoom-in

checking on the quality of each generated mobility plan.

• Second, we then apply the SC-M* to a large number of passengers under the soft-collision

context, in which we can conduct a property checking on the scalability (i.e., the run time

and success rate under various client passenger sizes) and on the satisfaction of the soft-

collision-free constraint of each generated mobility plan. The planning tasks are O-D pairs

of client passengers randomly generated over the city.

We run the SC-M* with an Intel Core i7-6700 CPU at 3.4 GHz with 16 GB RAM. We con-

sider two public resources: Wi-Fi quality and available space on public vehicles. The goal of

SC-M* is to find a joint path in the public transit system for multiple client passengers, optimiz-

ing the overall multi-criteria objective constrained on the soft-collision-free condition. The cost

objective, which is customized according to passengers’ service preference, is defined in terms

of three criteria: travel time, Wi-Fi cost, and space cost. The Wi-Fi cost of an edge is given by

max(0, 150− ave_WiFi_data_rate), which is a rectified linear function of the negative average

Wi-Fi quality in Mbps (see Figure 2.15). The cost regarding the lack of space is quantified using

the passenger volume on the edge. Note that the travel time, average Wi-Fi quality, and pas-

senger volume are the three attributes of an edge given by the expectation graph, as described

in section 5.3.1. We apply the scalarization method to define the cost objective in SC-M* and

optimize over the linear combination of the three criteria. Therefore, the overall cost of an edge

used in the SC-M* is given by:

costedge = α · costtime + β · costWiFi + γ · costspace, (5.1)

where α, β, and γ are the scale coefficients.

5.4.1 Evaluations with Respect to Path Cost and the Hard-Collision-Free Constraint

This section introduces the experiment setup and then presents and analyzes the experimental

results.
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Figure 5.3: Comparison of the path costs between individual optimal A* and SC-M* (T = 0).

Experimental Setup

In this section, we apply the SC-M* to a small client passenger size and investigate each mobility

plan’s quality with respect to path cost and satisfaction of the hard-collision-free constraint.

Specifically, each experiment corresponds to a planning task for a group of five client passengers

under the strict hard-collision-free constraint (i.e., the collision threshold T in Eq. 4.9 is set

to zero). To start with a small number of client passengers and the hard-collision context is
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necessary because we can easily evaluate the results and verify the basic function of the SC-M*

planner. The planning task of each experiment is designed to encounter at least one collision

along the individual optimal path. Thus, the SC-M* paths must differ from the individual

optimal paths. We use the standard A* as the individual optimal planner and evaluate each

plan’s quality via the testing simulation of the final Wednesday in May, which is unseen during

the planning phase. Because the expectation graph is based on the other three Wednesdays in

May, it is expected that the environment in the testing simulation is similar to the expectation

graph in terms of the non-client passenger flow and road traffic, and thus, the planner should

achieve a reasonably low path cost with the collision-free constraint satisfied for each planning

task.

We design five planning tasks (one task per experiment). In each experiment, we

• Apply the two MAPP planners (individual optimal A* and SC-M* [T = 0]) separately to

the task;

• Each planner generates three independent plans for each task using the time-only (α, β, γ

= 1, 0, 0), WiFi-only (α, β, γ = 0, 1, 0) and space-only (α, β, γ = 0, 0, 10) objectives.

Experimental Results

We execute the planned paths in the testing simulations and obtain the path cost and collision

information of the planned paths, as presented in Figure 5.3. From the figure, we observe that:

• The time cost (i.e., the travel time of the planned path) is minimized by both planners un-

der the time-only objective (see Figure 5.3.a and Figure 5.3.d). In the five experiments, the

same phenomenon consistently occurs to the Wi-Fi cost under the WiFi-only objective (Fig-

ure 5.3.b and Figure 5.3.e) and to the space cost under the space-only objective (Figure 5.3.c

and Figure 5.3.f). These results verify the basic function of finding the shortest path for the

customized cost objectives;

• Most individual optimal A* paths encounter collisions (marked with red asteroid indica-

tors), whereas the paths from the SC-M* are all collision-free (marked with green triangle

indicators).

To visualize whether the hard-collision-free constraints are satisfied by the SC-M*, Figure 5.4

shows an example of executing the planned paths from the individual optimal A* and from the
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ctrl_passg_4 ['VIS3', 'RSR1', '206-25'] 
      VIS3 t: 52135 ctrl_list: ['ctrl_passg_4']
      VIS4 t: 52160 ctrl_list: ['ctrl_passg_4']
      VIS1 t: 52202 ctrl_list: ['ctrl_passg_4']
      JAZ1 t: 52250 ctrl_list: ['ctrl_passg_4']
      BRVS t: 52274 ctrl_list: ['ctrl_passg_4']
      RSR1 sub-trip finished at  t: 52292

ctrl_passg_4 ['RSR1', 'CPU1', '205_rev-43'] 
      RSR1 t: 52946 ctrl_list: ['ctrl_passg_4']
      AV1  t: 52986 ctrl_list: ['ctrl_passg_4', 'ctrl_passg_3']
      QTL1 t: 53031 ctrl_list: ['ctrl_passg_4', 'ctrl_passg_3']
      BRSE1 t: 53054 ctrl_list: ['ctrl_passg_4', 'ctrl_passg_3']
      CNG1 t: 53074 ctrl_list: ['ctrl_passg_4', 'ctrl_passg_3']
      MTB1 t: 53118 ctrl_list: ['ctrl_passg_4', 'ctrl_passg_3']
      VNC1 t: 53174 ctrl_list: ['ctrl_passg_4', 'ctrl_passg_3']
      CPU1 sub-trip finished at  t: 53227

ctrl_passg_4 ['VIS3', 'QTL1', '206-25'] 
      VIS3 t: 52135 ctrl_list: ['ctrl_passg_4']
      VIS4 t: 52160 ctrl_ list: ['ctrl_passg_4']
      VIS1 t: 52202 ctrl_list: ['ctrl_passg_4']
      JAZ1 t: 52250 ctrl_list: ['ctrl_passg_4']
      BRVS t: 52274 ctrl_list: ['ctrl_passg_4']
      RSR1 t: 52292 ctrl_ list: ['ctrl_passg_4']
      AV1 t: 52324 ctrl_list: ['ctrl_passg_4']
      QTL1 sub-trip finished  at t: 52369

ctrl_passg_4 ['QTL1', 'CPU1', '205_rev-44'] 
      QTL1  t: 53621 ctrl_list: ['ctrl_passg_4']
      BRSE1 t: 53650 ctrl_list: ['ctrl_passg_4']
      CNG1 t: 53678 ctrl_list: ['ctrl_passg_4']
      MTB1 t: 53722 ctrl_list: ['ctrl_passg_4']
      VNC1 t: 53784 ctrl_list: ['ctrl_passg_4']
      CPU1 sub-trip finished at  t: 53833

Execution of the 
individual optimal A* plan

Execution of the 
SC-M*(T=0) plan

Left Right

Figure 5.4: The simulation log of the execution of plans generated by individual optimal A* and SC-M*
(T = 0). Note the SC-M* (T = 0) is equivalent to the traditional hard-collision-free M*.

SC-M* in the testing simulation. In this example, the client passenger "ctrl_passsg_4" attempts

to move from stop "VIS3" to stop "CPU1". By following the plan from the individual optimal

A*, "ctrl_passsg_4" collides with client passenger "ctrl_passsg_3" during the bus trip "205_rev-

43" from stop "AV1" to stop "VNC1" (underscored in red in the left box), which is not allowed

under the hard-collision context. In contrast, the SC-M* plan can avoid the collision by having

"ctrl_passsg_4" move two more stops along the first bus trip, "206-25", to take a different bus

trip, "205_rev-44", to reach the destination stop of "CPU1" (underscored in green in the right

box). The arrival time of the SC-M* plan is 53833, which is about 10 minutes (i.e., 600 seconds)

later than the individual optimal A* plan’s arrival time (i.e., 53227).

The experimental results demonstrate that the SC-M* can optimize the path cost while pre-

venting each client passenger from collisions, and thus, improving the client passengers’ travel

experience conditioned on the collision-free constraint.

98



5.4.2 Evaluations with Respect to Scalability

This thesis attempts to mitigate the scalability problem in real world: The global search space

grows exponentially with the number of agents and will become prohibitively large when plan-

ning on a city scale; The involvement of multiple preference types and resources produces more

collisions, leading to a quick increase in dimensional expansion.

Many factors can help with scalability: We can 1) choose a reasonable time window (e.g., 30

seconds) to limit the number of client passengers that SC-M* must deal with at a time; or 2)

reduce the chance of collisions by tuning the build-in parameters of SC-M*.

In this section, we will show that the scalability of SC-M* in real systems is controllable via the

tunability of SC-M*. In the experiments, each client passenger attempts to move from the origin

to the destination with a low path cost and with bounded collision scores (i.e., the probability of

collision [defined in Eq. 4.8] is bounded).

Two-Resource-Two-Passenger-Type Setting

In this experiment, we increase the planning difficulty by considering two types of client pas-

senger requesting two public resources: Wi-Fi and space (i.e., A = {A1 : ”WiFi”, A2 : ”Space”}).

The Wi-Fi capacity is the data rate available on the edge and the space capacity is the number

of remaining seats. We set the satisfying values to ε1 = 60 and ε2 = 5 for Wi-Fi and space,

respectively. Type I passengers apply f1 as the collision CDF for the Wi-Fi resource and the

linear CDF f2 for the space resource, implying that they view WiFi and space as important and

trivial, respectively. On the other hand, type II passengers used f2 for the Wi-Fi resource and

f1 for the space resource. Each client passenger has a 50% chance of being type I. Both CDFs

are adjusted using the offset parameter δ, and the collision score is constrained by the collision

threshold parameter T. The parameters and symbols used here are defined in Chapter 4.

Each trial randomly generates O-D pairs for client passengers, and we give each trial 1500

seconds to find a solution. For each configuration (including the number of client passengers,

the collision threshold T, and the offset parameter δ), we run 20 trials to calculate the average

metrics (i.e., the success rate and run time).

Success Rate and Run Time Results

We study the influence of the collision threshold T and offset parameter δ on the SC-M* per-

formance. Figure 5.5.a shows the success rate of the SC-M* in the planning phase under the
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Figure 5.5: a) The impact of the collision threshold T on the success rate of SC-M*, given δ = 6.0; b) The
impact of the offset parameter δ on the success rate, given T = 0.35.
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5 381.26 79.43 83.52 80.70 
 

151.73 77.84 80.70 

10 757.95 177.58 182.21 160.93 
 

300.97 222.63 160.93 

20 >1500 733.19 340.17 436.08 
 

508.90 369.16 436.08 

30 >1500 1023.95 648.30 602.10  1266.13 769.68 602.10 

40 >1500 1254.28 1023.05 682.56  1408.25 1255.60 682.56 

50 >1500 1460.95 1160.49 1134.24 
 

>1500 1364.94 1134.24 

60 >1500 >1500 1336.63 1357.88 
 

>1500 1497.44 1357.88 

Left:  𝛿 = 6.0.                    Right: 𝑇 = 0.35 

Table 5.1: The impact of T and δ on run time (in seconds).

collision thresholds of T = 0 (equivalent to the basic hard-collision-free SC-M*), 0.15, 0.25, and

0.35 while the offset parameter is fixed to δ = 6.0. Table 5.1.Left shows the corresponding run

time (in seconds) in the planning phase under various collision thresholds. Figure 5.5.b shows

the success rate under the offset parameters of δ = 2.0, 4.0, and 6.0 while the collision threshold

is fixed to T = 0.35. Table 5.1.Right shows the corresponding run time.

The results clearly show that a large collision threshold T and offset parameter δ improve

the scalability (i.e., improving the success rate of finding a solution and reducing the run time

under large client passenger sizes [m > 40] in the planning phase). The planning under the

hard-collision-free constraint, which is equivalent to applying the basic M* to the public transit
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network, does not scale well as it can only handle the planning tasks for fewer than 12 client

passengers.

The experimental results show that for the SC-M*, larger thresholds and offset parameters

render more relaxed constraints; thus, client passengers are expected to tolerate more interfer-

ence on the resources before announcing a collision. With this property, one can tune the pa-

rameters to trade off the scalability against the slackness of the constraints, being quite flexible

when planning on a city scale. This experiment also demonstrates that the SC-M* can feasibly

handle a complex environment with multiple resources and multiple types of client passengers.

Satisfaction of the Constraints on Collision Scores

The scalability should also consider satisfying the soft-collision-free constraints in the testing

phase. We execute all the planned paths in the testing simulation (i.e., the simulation of the

unseen Wednesday on May 26, 2010) and extract the planned and the simulated collision scores

of each client passenger to check the satisfaction of the soft-collision-free constraints. Fig-

ure 5.6 presents the maximal collision score observed for each configuration when executing

the planned paths in the planning phase and in the testing phase. Note that each point in the

figure corresponds to the maximal collision score in the 20 trials of a certain configuration. If the

maximal collision score is less than the collision threshold T, the planning of the SC-M* under

the corresponding configuration is successful for all 20 trials. Therefore, each client passenger

has a travel experience with a below-the-threshold collision score.

From Figure 5.6, we observe that all the planned collision scores (blue curves with asteroids)

are below the collision thresholds (black horizontal lines), indicating that the SC-M* plans strictly

satisfy the soft-collision-free constraints in the environment described by the expectation graph.

For the simulated collision scores (red curves with circles), we observe that, despite outlier points

slightly exceeding the collision thresholds, the executions of the planned paths in the testing

simulation perform reasonably well and confine the collision score of each client passenger’s

on-vehicle experience below the bound, even if the client passenger size is large.

The experimental results support that the SC-M* can scale to assure the quality of the plans,

satisfying the soft-collision-free constraints in the expectation graph and extending the soft-

collision-free property to the real-world environment, as long as the expectation graph reason-

ably reflects the real public transit environment.
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Figure 5.6: The maximal collision score observed in the planned paths in the planning phase and in the
testing phase. To satisfy the constraint, the maximal observed collision score is expected to be less than
the collision threshold T.
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5.5 Summary

This chapter applies the SC-M*, a scalable multi-passenger multi-criteria mobility planner, to

improve passengers’ on-vehicle experience when travelling through the public transit system in

a city. The proposed methodology can optimize client passengers’ on-vehicle experience while

limiting the probability of collisions to a bound. The parameters control the slackness of the

soft-collision-free constraints and brings advanced scalability to the SC-M*, making it a powerful

tool in practice. The case study of the Porto bus transit system evaluates the SC-M* in terms of

advantages in path cost and scalability in success rate and run time.

The SC-M* is based on the expectation graph, implying that failures may occur at some points

in the real-world executions. To solve this problem, we need to develop a fast re-planner at the

execution time from the location of failure to the destination given the current state of public

networks, which is a promising direction in the future.
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Chapter 6

Related Work

We seek to improve the travel experience of passengers in public transit through on-vehicle

experience simulation and multi-agent multi-criteria mobility planning, which is of interest to

the field of smart city. In this chapter, we review relevant literature that focuses on traffic

simulation and, in particular, on passenger mobility planning.

6.1 Intelligent Public Transportation Systems

A city can be defined as "smart" when "investments in human and social capital and traditional

(transport) and modern (Information and Communication Technologies [ICT]) communication

infrastructure fuel sustainable economic growth and a high quality of life, with a wise manage-

ment of natural resources, through participatory governance" [60]. A smart city is supposed

to address the challenges referred above. To achieve this, an intelligent public transportation

system (IPTS) is a prerequisite.

Previous solutions to an IPTS focus on developing innovative ICT and using information

about the state of the transportation networks for scheduling and dispatching fleets [61]. To

name a few, automatic vehicle location systems (AVLSs) monitor the real-time operation of a

public transit network and process a very large amount of network information [62]. Traveler

information systems (TISs) provide real-time information to passengers about the state and op-

erating conditions of the road network to assist their pre-trip and en route decision making [63].

Automatic passenger counters (APCs) are systems that count on-board passengers and those

waiting for vehicles at stops and stations [64]. Decision support systems (DSSs) assist decision

makers in controlling the transportation network by establishing regular transportation timeta-

bles and suggesting strategies when unexpected events occur [65].
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Although significant progress has been made to improve the IPTS, people inside of the

vehicles, especially their en route experience, receive limited attentions. To develop an IPTS,

passenger-centered research, that aims to improve passengers’ travel experience inside of the

public transit vehicles, is necessary. This has seldom been studied in the field of IPTS, which is

the main contribution of this thesis.

6.2 Traffic and Passenger Simulation

Simulation has proven to be a useful prerequisites in building an IPTS. In traffic control research,

instead of directly applying an approach to control the real traffic flow, testing it through sim-

ulation and transferring the knowledge to real road networks can save money and avoid safety

problems [66, 67, 68]. For many IPST applications that involve interactions among complex

spatial traffic networks, vehicles, and humans, building an effective model requires large-scale

real-world data, which can be difficult, time-consuming, and even dangerous to collect. As a

workaround approach, simulations are applied to generate synthetic data for city planners and

transportation management practitioners to use in their work.

6.2.1 Simulation and Transfer Learning

Simulation-based research and practices are closely related to transfer learning, a learning cate-

gory in the field of machine learning. Transfer learning involves the concepts of domains and

tasks [69]: A domain D consists of a feature space X and a marginal probability distribution

P(X), where X = {x1, . . . , xn} ∈ X . Given a specific domain, D = {X , P(X)}, a task T consists

of a label space Y and a conditional probability distribution P(Y|X) serving as an object pre-

dictive function learned from the training data, where Y ∈ Y . Then transfer learning is usually

applied to the following scenario: Given a source domain Ds with corresponding task Ts, and

a target domain DT, with corresponding task TT, we attempt to improve the learning of the

target predictive function P(YT|XT) in DT using the knowledge gained from Ds and Ts, where

P(Xs) 6= P(XT) or P(Ys|Xs) 6= P(YT|XT).

Problems related to transfer learning are very common in transportation practices as the

training domain-task pair may not concur with the real-world domain-task pair. Simulation

plays an important role in relaxing the transfer learning problems by converting Xs to X′s, such

that P(X′s) ≈ P(XT). In this sense, simulation is a key driving force of machine learning success

in the field of transportation research.
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6.2.2 Passenger Modeling and Road Traffic Simulation

The topic of traffic and passenger simulation can be divided into passenger modeling and road

traffic simulation.

Passenger Modeling

Passenger behavior modeling has been involved in a lot of public transportation system research.

To evaluate the performance of vehicle scheduling and platform deploying, the behaviors of pas-

sengers must be simulated and analyzed in detail. Although sophisticated enough to consider

individual preferences [70], the seat allocation process [71, 72], and even personal activity such

as pressure from passengers behind [73], most studies are highly microscopic, confining their

application domains in environments with a limited amount of public vehicles and not scaling

well to provide insights into macroscopic passenger flow on a city scale.

Road Traffic Simulation

Compared to passenger modeling, road traffic simulation (including public transit simulation)

has gained rapid and significant developments. Many road traffic simulators, such as PTV

Vissim [74], AIMSUN [75], Matsim [76], Simulation of Urban MObility (SUMO) [77], etc., are

developed with delicate functions suitable to macroscopic city-scale simulation. Some of the sim-

ulators, such as SUMO, which provides a platform to explicitly simulate vehicles including cars,

buses, and urban trains on a city scale, are open source. However, because most traffic simula-

tors operate at the vehicle level, they are unable to provide passenger-level information about

passenger-vehicle interactions, which is of great interest to the field of on-vehicle experience

studies.

Our work in Chapter 2, which implements the simulator of bus passenger behavior in con-

junction with the mature traffic simulator (SUMO), fills the gap between passenger and traffic

simulation, capturing the macroscopic interactions between bus passengers and urban traffic

environments through the city-scale traffic-passenger joint simulation.

6.3 Destination Estimation for Passenger Data

Research that estimates people mobility patterns requires access to real passenger data, which

are important for a high-quality on-vehicle environment simulation. The availability of such

data has improved over the past decades, and automated data collection (ADC) in public trans-
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portation systems has become increasingly popular in cities worldwide. ADC infrastructures

produce a large volume of data about passengers, providing insights into crowd size, passenger

journey time, and spatiotemporal distribution of travel demands.

However, when it comes to passenger-centered research, the data available to researchers are

usually insufficient, either because the data is incomplete with important features missing, or

because the data is not directly related to the research topic of focus. In our study in particular,

we are facing the issue about missing destination features in real passenger data. This issue is

caused by entry-only transaction systems, which are globally popular. Unfortunately, the entry-

only passenger data do not provide passenger destination information, limiting its direct use to

construct passenger origin-destination (O-D) matrices which are vital for public transit service

planning and adjustment.

Over the past two decades, substantial research interest has been placed in the field of O-D

matrix estimation from the entry-only passenger data. Traditional approaches rely on heuristics

to estimate the passenger destination information. Barry et al. [78] conducted one well-known

preliminary work, in which they estimated destinations of entry-only automated fare collection

(AFC) data from the New York City subway system using two assumptions:

• The most likely destination of the trip is the origin of the next trip; and

• The most likely final daily destination is the first daily origin.

They validated their methodology and assumptions using travel diary surveys. On top of this

work, many researchers have developed variants to improve the robustness of the estimation

by taking into account the distance limitation or by integrating additional data resources [79,

80, 81, 82, 83]. These heuristic-based methods can handle some of the entry-only data, but the

remaining data usually account for 40–50% of the total.

In general, the ways in which researchers validate their estimations are bifurcated into exoge-

nous and endogenous validations [15]. The former relies on external datasets, such as ground-truth

O-D trips and household surveys, which are independent from the data being processed. Only

a few studies have been able to apply exogenous validations [80, 82, 14, 84]. As a workaround,

endogenous validations can ensure the consistency within the post-processed data, and most

studies have been able to apply the endogenous method to validate their work [79, 83, 15, 34, 85].

In our thesis, we contribute a semi-supervised learning algorithm to conduct destination

inference on top of heuristic-based methods. One strong point of our work is that we are able
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to conduct exogenous validation that truly evaluates the performance of our method, because

the traffic-passenger joint simulation (P-SUMO) can generate complete synthetic passenger data,

and in this way, we have the destination information to validate the inference results.

6.4 Passenger Mobility Planning

This thesis proposes passenger mobility planning in the context of a public transit environment.

In doing so, it takes into account the involvement of multiple criteria and the influence of mul-

tiple passengers. It is rooted in the fundamental shortest path search problem and extends into

multi-criteria planning and multi-agent planning. This section contextualizes our work within

the multi-criteria planning and multi-agent planning literature.

6.4.1 Shortest Path Algorithms

Most literature concerning mobility planning aims to solve the shortest path finding problem in

transportation networks, which is also called route planning [58]. Let the transportation networks

be formulated as a graph G = (V, E) with a set V of vertexes and a set E of edges. Each edge

e(u, v) ∈ E has a length l(u, v). The cost of a path from source s to destination (target) t is the

sum of edge lengths. We denote the cost as distance dist(s, t). The shortest path algorithm aims

to find a path from the origin to the destination with minimal cost.

Dijkstra’s algorithm [21] is a basic technique for efficiently solving the shortest path search,

which lays the foundation for the field of route planning. This algorithm initializes all distances

from source to infinity, except for dist (s, s) = 0, and adds s to a priority queue Q of vertexes,

which are ordered in terms of the distance from the source. In each iteration, the algorithm

expands the first-ranked vertex u in Q and investigates each of its neighbor vertexes v. For each

neighbor vertex v, it computes the pending distance dist (s, u) + l(u, v), and accepts this value

to update dist (s, v) to improve the previous distance from s to v. The vertex v along with the

new distance dist (s, v) is then added into Q. The algorithm continues until the destination t is

expanded. A bidirectional search [86] is a modification of Dijkstra’s algorithm that can reduce the

search space. This algorithm runs a forward search from s and a backward search from t, and

stops as soon as both search spaces intersect.

The A* search algorithm [56] generalizes Dijkstra’s algorithm by cutting down the size of

the sub-graph (subset of the search space) that must be explored and by guiding the search

toward the destination with a heuristic h: V × V → R, estimating the cost from current u to
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t. Different from Dijkstra’s method, the priority queue Q is ordered by the total cost f (u) =

dist (s, u) + h(u, t). The heuristic needs to be admissible (i.e., always less than or equal to the

ground-truth cost) to guarantee the optimal solution. In route planning, the usual choice for the

heuristic is the Euclidean distance between vertexes. This algorithm can also be combined with

the bidirectional search for a speed-up.

There are many extensions to the aforementioned basic techniques to deal with the comput-

ing efforts on a continental scale. These algorithms require pre-processing, which could be very

computationally heavy, to speed up the searching phase. Some examples include the ALT (A* +

Landmarks + Triangle inequality) algorithm [87], which picks a small set L ⊆ V of landmarks and

stores the distance between vertexes in L and all other vertexes in the graph. During the search-

ing phase, it uses triangle inequality pivoted on the landmarks as the heuristic. Specifically, for

any landmark li, both dist (u, t) ≥ dist (u, li)− dist (t, li) and dist (u, t) ≥ dist (li, u)− dist (li, t)

hold, and thus, one can take the maximum bound of all the heuristics if several landmarks are

available.

The methods, geometric containers [88] and arc flags [89], associate the set of leading-to-vertexes

to each edge and the set of leading-to-regions (a region contains a set of vertexes) to each edge,

respectively. The former requires the pre-processing of the all-pairs shortest path computation,

whereas the latter relaxes this requirement by computing all-vertexes-to-regions only. The sets

associate to each edge can help the planner foresee that certain edge will lead to the destination

vertex. In this way, a faster search can be achieved.

The contraction hierarchies [90] method introduces the vertex contraction operation during the

pre-processing phase to assign vertexes into layers according to their "importance." The vertex

with many edges (i.e., important) will be contracted first and placed on the low layer. At the

same time, the "shortcuts" related to that vertex is inserted in the upper layer to connect neigh-

bor vertexes that are bridged by the contracted vertex. The contraction operation reduces the

number of edges on each layer, which can speed up the search. In the searching phase, the algo-

rithm conducts a bidirectional search by looking "upward" and ignoring the lower-layer vertexes.

When both directional searches meet at a higher-layer vertex, the shortest path is found.

The path planning in public transit networks is constrained on scheduled networks consisting

of a set of stops, a set of routes, and a set of timed trips. By adjusting the graph to be schedule-

based, we can directly apply the aforementioned shortest path algorithm to this problem.

109



6.4.2 Multi-Criteria Route Planning

When planning for passengers’ experience, the shortest path algorithms, which only consider

distance as the optimization criterion, are not enough. In public transit networks, however, other

criteria, such as transit switching time and on-vehicle service, are just as important, leading to a

multi-criteria planning problem.

There are mainly two versions of a multi-criteria search. The first one is to find a Pareto set

(i.e., the maximum set of incomparable paths). In the field of operational research, two paths

are considered incomparable if neither one is better than the other in all criteria and they are

both members of the non-dominated Pareto set. This means that each criterion is equally im-

portant, expanding the search space into multiple dimensions. Several algorithms have been

developed to find the Pareto set: The multi-criteria label-setting (MLS) algorithm [91] extends

Dijkstra’s algorithm by operating on label (i.e., a tuple with one entry per criterion), which in-

dicates whether a path is dominated by another in lexicographically ordered criteria; on the

contrary, the multi-criteria label-correcting (MLC) algorithm [92, 93] considers the whole bag of

non-dominated labels. In this way, individual labels of a vertex can be scanned multiple times

during the execution phase of the algorithm. Though some heuristic-based modifications are

introduced to speed up the Pareto search, the search algorithms are not feasible due to their

prohibitive computational complexity [94].

The other version is scalarization [95], which uses a linear combination of criteria as the opti-

mization objective. This approach is to transform the multi-criteria search into a single-criterion

search using a weighted sum of all criteria. In practice, scalarization approach dominates multi-

criteria planning due to its efficient computation and flexibility because the weights can be tuned

using some scale coefficients according to practical use.

6.4.3 Multi-Agent Path Planning

A multi-agent path planning (MAPP) finds a joint path for multiple agents conditioned on

certain constraints. As discussed in Chapter 4, approaches for MAPP are folded into three

main categories: coupled, decoupled, and intermediate. For coupled approaches, in addition

to standard A*, enhanced variants of A* (e.g., operator decomposition [OD], enhanced partial

expansion A* [EPEA*], and iterative deepening A* [IDA*]) can mitigate exponential growth in

the number of neighbors by improving the admissible heuristics [42, 43, 44]. Recently, M* and

its variants [39, 41] has been proposed to conduct coupled search in a computationally efficient
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manner. Decoupled methods are used more for a faster run-time purpose. New approaches

have been introduced to guarantee completeness but not optimality [96, 97, 98, 99, 38].

As for intermediate approaches, we have discussed CBS/MA-CBS [46, 100, 101] in Chapter 4,

which are optimal. The intermediate approaches grow the search space during path planning,

so that the search space can initially be very small then grow only where necessary. The work

of Al-Wahedi [102] shows an approach in which paths are found separately for each agent,

followed by coupled planning in a window around conflicts, but does not return optimal paths.

Van den Berg et al. [103] presented an approach to avoid sequentially executing single agent

paths by identifying the minimal sets of agents that must execute a cooperative path. Melo

and Veloso [104] developed a decentralized method, that applies to sparse interaction scenarios

where agents act independently for most of the time and plans differently only when entering

the known interaction regions.

Another important framework that can be combined with the abovementioned algorithms

is the probabilistic planning, such as rapidly-exploring random trees (RRTs) and probabilistic

roadmaps (PRMs) [105, 106]. Probabilistic-based approaches are sampling-based approaches.

They draw samples from the graph to gradually capture the connectivity of the configuration

space until converging to the solutions, which are complete and asymptotically optimal.

Our work is different from traditional MAPPs: We handle urban public transit environments,

in which the number of client passengers (i.e., agents) is large; also, agents in traditional work

are usually considered as the same, whereas the passengers in a city may have different travel

preferences and require different planning, making the planning tasks more complicated.
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Chapter 7

Conclusion and Future Work

In this chapter, we first summarize the contributions of the thesis and then discuss some possible

avenues for future work.

7.1 Contributions

The key contributions of this thesis are as follows:

• P-SUMO for simulating the on-vehicle experience We develop a joint simulator P-SUMO

to simulate the passengers’ on-vehicle experience through the joint traffic-passenger model-

ing and simulation on a city scale. This platform captures not only the interactions among

road traffic, public vehicles, and passengers but also the dynamics of the on-vehicle ser-

vices, including Wi-Fi quality and space availability. The simulation logs provide detailed

passenger experience information and public vehicles’ state information, serving as the

public transit data for post-processing. We generate complete passenger data from the sim-

ulator, and the synthetic passenger data present significant similarity to the real passenger

data in terms of spatiotemporal distribution.

• A destination inference algorithm We leverage a semi-supervised learning method, called

self-training, to infer the destination information in the entry-only data. To implement

self-training, we design a base predictor to predict the missing destinations based on the

statistics of a selected similarity-based "training set" as well as a selection strategy to select

newly-labeled data with high prediction confidence to update the training set. We also

incorporate personal historical information to modify the base predictor for improved ac-
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curacy. Evaluations based on the simulation data and a subset of the real bus AFC data

show that the proposed methods significantly outperform the baselines in accuracy.

• SC-M* The SC-M* is a generalized version of M* with soft-collision-free constraints, which

can scale to solving the multi-agent path planning problem under the soft-collision con-

text. The SC-M* tracks the collision score of each agent and place agents, whose collision

scores exceed some thresholds into a soft-collision set for sub-dimensional expansion. We

show that the SC-M* has advanced flexibility and scalability for efficiently solving MAPP

problems under the soft-collision context and can handle complex environments (e.g., with

multiple types of agents requesting multiple types of resources). We compare the SC-M* to

other SC-based MAPP solvers and show the advantages and trade-offs of the SC-M* against

baselines in terms of path cost, success rate, and run time.

• A real-world demonstration of the SC-M* We make a case study in which the SC-M*

was applied to improve the passengers’ on-vehicle experience for the bus transit system

in Porto, Portugal. We optimize the mobility of multiple client passengers over multiple

public services while limiting the collision probability. To customize the SC-M* to a real-

world system, we construct an expectation graph for modeling the dynamics of the on-

vehicle service dynamics and propose the forward-the-tail-agent strategy to address the

passengers’ non-synchronization problem. The planned paths are successfully executed in

the Porto bus transit systems. Qualitative evaluations show the advantages of the SC-M*

in real-world systems in terms of path cost, collision-free constraint, and scalability in run

time and success rate.

7.2 Future Work

In this thesis, we address the challenges to planning for the optimal experience of multiple

passengers in terms of their service preference given a complex, urban public transit network.

There are multiple possible directions for future work.

• Adding more sophisticated details to P-SUMO: We can include more sophisticated behav-

ioral details into our P-SUMO framework such as letting passengers change travel plans

when missing a bus or after a long waiting period, considering weather conditions as a fac-

tor affecting buses and passenger behaviors, etc. In addition, the P-SUMO implemented in

this thesis is highly compatible to many kinds of people mobility data, including cellphone

113



trajectory data, on-bus Bluetooth sensor data, and even social media data that can pro-

vide pieces of people mobility information. With more data sources available in the future,

we can gradually improve the quality of the simulation to better capture the real-world

passengers’ on-vehicle environment.

• Improving the SC-M*: We can leverage advanced variants of M*, such as EPErM* and

ODrM*, to remove the basic A* component in our planner. We believe that better perfor-

mance can be obtained this way because these variants improve the coupled planner and

policy generator (two important components in the basic M*), which are directly related to

the M* bottlenecks that limit the planning scalability.

• Re-planning for failure executions: We can consider on-line planning to deal with the

failures in executing the plans in the real world. The SC-M* generates plans based on the

expectation graph in the planning phase, implying that failures may occur at some points

during the real-world executions. Solving this problem requires a fast re-planner at the

execution time from the location of failure to the destination given the current state of

public networks, which is a promising direction in the future.

• Making P-SUMO open-source: P-SUMO is a simulation framework that uses an API

(TraCI) to communicate with SUMO without changing such a sophisticated simulator itself.

This implies that any researcher can conveniently transplant our experiments and build a

P-SUMO for other cities. We will make our P-SUMO open-source and provide a tutorial

online or specification website to guide people to establish their own passenger-centered

simulator for any cities around the world.

• Applying to real systems: The ultimate goal of the algorithm introduced in this thesis is to

serve the real-world passengers that use the public transit. There must be many practical

issues undetected in our simulation-based experiments when deploying the algorithm to

real transportation. We will keep improving the SC-M* by practicing in real systems.
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Appendix A

SC-M* for Bottleneck-Featured Environment

We conduct additional one-resource-one-type experiments on another transit system with blocked

areas, featuring some bottleneck channels (see Figure A.1). Main experimental results are pre-

sented below in tables, where we can observe same phenomena regarding success rate, path

cost, and run time of the three SC-based MAPP algorithms. Specifically, SC-A* cannot scale

well to handle a large number of agents. SC-CBS has better success rate and run time, but at

the expense of larger path cost. SC-M* presents reasonable run time, path cost, and success

rate among the three. Also, better scalability is shown in experiments with slacker soft-collision

conditions.

Figure A.1: Transit system with bottlenecks. Blocked areas are shown in black.
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m 

SC-A* (T=0.35, δ=9.0) 

Success rate Run-time Additional cost 

1 100% 0.87383615 0 

2 100% 1.45812929 0 

5 100% 8.75209618 0 

6 100% 41.3597078 0 

7 90% 698.139512 0 

8 27% 963.238928 0 

10 0% >1000 NA 
 

Table A.1: Records of the SC-A* applied to the bottleneck scenario, given T = 0.35, δ = 9.0.

m 

SC-M* (T=0.25, δ=6.0) SC-CBS (T=0.25, δ=6.0) 

Success rate Run-time Additional cost Success rate Run-time Additional cost 

2 100% 0.13148019 0 100% 0.14360401 0 

5 100% 0.33542909 0 100% 0.34042161 0 

10 100% 0.64117174 0 100% 0.69793972 0 

20 100% 1.2541496 0.7145 100% 1.90348556 14.248 

40 100% 3.41468452 53.167 95% 58.4426199 52.5578947 

50 90% 103.997959 52.9838889 95% 74.8042114 188.086316 

60 60% 431.751354 151.040833 90% 208.671149 181.924444 

70 35% 657.911671 88.2914286 70% 470.251258 282.013571 

80 25% 811.406023 179.05 40% 665.338238 241.6025 
 

Table A.2: Records of the SC-M* and SC-CBS applied to the bottleneck scenario, given T = 0.25, δ = 6.0.

m 

SC-M* (T=0.25, δ=2.0) SC-CBS (T=0.25, δ=2.0) 

Success rate Run-time Additional cost Success rate Run-time Additional cost 

2 100% 0.09713184 0 100% 0.14378764 0 

5 100% 0.22357324 0 100% 0.33619203 0 

10 100% 0.45624378 10.6095 100% 0.78694229 4.0695 

20 100% 1.57431868 21.1675 95% 53.2365214 37.2278947 

40 70% 303.706158 69.1428571 95% 101.067209 157.702105 

50 35% 652.621218 119.564286 55% 591.450676 232.071818 

60 15% 758.688175 166.957778 40% 679.158028 271.5525 

70 5% 951.916869 204.59 15% 911.038766 215.556667 
 

Table A.3: Records of the SC-M* and SC-CBS applied to the bottleneck scenario, given T = 0.25, δ = 2.0.

m 

SC-M* (T=0.05, δ=6.0) SC-CBS (T=0.05, δ=6.0) 

Success rate Run-time Additional cost Success rate Run-time Additional cost 

2 100% 0.13849862 0 100% 0.09303264 0 

5 100% 0.33108882 0 100% 0.24391812 0 

10 100% 0.91813391 29.4235 100% 1.13260149 19.2485 

20 95% 51.4242243 12.7347368 100% 5.61701282 108.716 

40 60% 422.514588 123.440833 85% 190.493202 128.957647 

50 45% 570.344027 219.467778 70% 394.644647 236.747143 

70 0% >1000 NA 10% 933.408541 315.69 
 

Table A.4: Records of the SC-M* and SC-CBS applied to the bottleneck scenario, given T = 0.05, δ = 6.0.
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