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2 Chapter 1. Introduction

Arguably, the use of public transport (PT), being accountable for only a fraction of the

total emissions, can help make transportation more green, and economical. However,

in terms of reliability and efficiency, environmental impacts, and users’ behaviours, PT

itself has great potential for improvement. A PT system usually operates within a

complex urban area where small scale shocks of its operation may results in large-scale

disruptions to passengers and PT agencies. This includes increased journey times, which

lead to economic (Caragliu et al., 2011), social (Banister and Berechman, 2001), and

environmental (IEA, 2009) impacts. A recent study in the UK shows that 23% of travel

time is missed in connections for trips with more than one mode, and that the lack of

synchronization has contributed to decrease in patronage by the population (Gallotti

and Barthelemy, 2014). Therefore, a common strategy implemented internationally

by PT agencies is to develop an integrated, multi-modal transport system in order to

provide travellers with a viable alternative to private cars.

An important element for retaining existing users and attracting new passengers

is to improve serviceability by offering routes with "seamless" transfers. Ceder

(2007, 2015) defined:

"A well-connected transit path as an advanced, attractive transit system that operates

reliably and relatively rapidly, with smooth (ease of) synchronized transfers, part of

the door-to-door passenger chain".

Thus, the question arises as to what can be done to increase the PT serviceability and

reliability, to reduce passengers’ frustration especially in transfer points, and to decrease

the environmental impact in a daily PT system operation. Answer to this question

will certainly make the PT service more attractive, efficient, and thus, will encourage

people to leave their car at home and use the PT service.

1.2 Background and Significance of the Research

Principally, one of the most challenging problems of transportation planning is how to

shift a significant number of car users (who consume the highest percentages of the

energy used for transportation) to PT in a sustainable manner. Findings show that in

order to increase PT usage, the service should be considered in a way that provides
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the levels of service required by passengers and by doing so, attract potential users

(Hadas and Ceder, 2008, Nesheli and Ceder, 2015b).

Service reliability in PT operations giving a significant attention as agencies become faced

more and more with the immediate problem of providing credible service while attempting

to reduce operating costs. Unreliable service has been considered as the major restrictive

factor to current and prospective passengers (Hadas and Ceder, 2010a). Balcombe et al.

(2004), in a practical UK transit guide, report that in passengers’ perception, the service

reliability of local bus services is considered twice as important as frequency.

PT service reliability problems can be categorized into two groups: "environmental"

and "inherent" (Abkowitz, 1978). The first group includes such factors as traffic signals,

changes in traffic conditions, variation in demand, and availability of crew and vehicles

on any given route and day. The second group consists of setting and distribution of

waiting times, boarding and alighting times, transfer times, headways and travel times on

any given route and day. Accordingly, they classified reliability-improvement strategies

as preventive and corrective/restorative. Ceder (2007, 2015) argued that some causes of

unreliable service are chronic and known in advance; proper planning and adjustments

can address these causes. Other causes are unpredictable in nature (i.e., random events)

and require real-time responses, preferably taken from a library of tactics. The main

components of the library of tactics are illustrated in a Table 1.1.

Several studies have focused on implementing real-time control actions. As summarized

in Table 1.2, various mathematical modelling and optimization methods have been

employed to solve the real-time control problems. These studies differ in methods, types

and conditions of tactics and strategies that are applied.
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Table 1.1: The main components of the library of tactics

Type of Tactics Description of Implementation
Holding the vehicle This tactic can be used for improving on-time performance,

eliminating bunching, and responding to unexpected demand;
however, it has an adverse effect on on-board passengers.

Skip-stop/segment When a vehicle is behind schedule the skip-stop operation can
be utilized to pass stops at which no passenger wishes to alight;
however, it has an adverse effect on waiting passengers at those
stops.

Changes in speeds Can improve on-time performance, regulate headway and elim-
inate bunching; in the slowing-down cases, it may be better
valued by the on-board passengers than is the holding strategy;
however it is very challenging to implement in practice.

Deadheading and
short-turning

Can be used as corrective actions for unforeseen situations such
as unexpected demand or any operational shocks.

short-cut and express The local service can convert to short-cut or express if it accom-
modates the destinations of all on-board passengers.

Boarding-limit In case of a route in high demand, and in order to improve
the performance of the service, a boarding-limit tactic can be
applied to regulate the vehicle headway or schedule deviation.

Reserve vehicle and
leapfrogging

To improve the serviceability of the operation, these tactics can
be used. Employing a reserve vehicle as a real-time support-
ive action is suitable in situations where unexpected demand
may occur. Finally, in order to rectify a load-imbalance sce-
nario between two following vehicles, and prevent bunching, the
leapfrogging operation can be utilized.
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While there is an extensive research conducted to analyse PT movements at a single

control point, there are only a few analytical studies dealing with real-time control issues

especially in a complex PT network with a combination of various tactics. There were no

systematic analyses of real-time control until Daganzo (2009) proposed headway control

at certain control points. Besides, there is need to assess the effect of applying these

real-time tactics in a proper study of environmental side and demand side perceptions

and decisions as complementary to the agent side. It is believed that the proposed

concept will reduce the uncertainty of PT vehicle arrival time to a transfer point, and

by deploying certain combinations of tactics; library of tactics, (e.g., hold, skip-stop,

speed-change, short-turn, short-cut, etc.) to enable increasing of the number of direct

transfers and reducing the total travel time. Thus the concept has large potential for

increasing the efficiency and attractiveness of PT networks involved with planed transfers.

Given these benefits, there is the real potential for the proposed model to be deployed in

real life, providing a major advantage for PT operators, policy-makers and PT users.

1.3 Research Problem

Fundamentally there are two distinctive real-time PT performance disruptions: (1) devi-

ations from the schedule (timetable), but not necessarily creating an imbalance between

supply and demand; (2) creation of an imbalance between supply and demand (over-

loaded and almost empty vehicles), but not necessarily deviating from the schedule

(Ceder, 2007, 2015).Given that these disruptions are known in real-time (e.g., by an

automatic vehicle location (AVL) data collection systems and GPS), corrective and

restorative control strategies can take place.

Various studies have been advanced to model PT real-time control (Delgado et al., 2013,

Hadas and Ceder, 2010a, Hanaoka and Qadir, 2009, Hickman, 2001, Sun and Hickman,

2005). However, the main drawback of possible real-time control actions is the lack of

prudent modeling and software that can activate these actions, whether automatically,

semi-automatically, or manually. In addition, it has been very difficult to evaluate the

positive and negative effects of individual control strategies with respect to operations

and passenger travel times under complex network and real-world conditions (Carrel

et al., 2013). Such modeling can be employed in a PT control center in order to allow for

the best exploitation of real-time information. Thus, the following key questions arise as:
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(i) how modelling and simulation can be created to optimally select control actions such

as tactics for real-time operations deployment using the stochastic nature of PT networks?

(ii) How do users benefit from the use of real-time information, including real-time control

actions? And (iii) how effective is the model at reducing environmental impacts? The

present research proposes a methodology, based on a real-time framework, to find the

optimal combination of tactics for controlling the PT system. The objective is to develop

intelligent modeling with a "Library of Tactics" in terms of real-time control actions;

these developments will be based on optimization and simulation frameworks.

1.4 Scope of Research and Objectives

A PT system has two major phases: planning and operation. The first phase aims at

designing routes; time tables, synchronized transfers, and timed transfers that improve

the planned transfers on the basis of a priori data (Ceder, 2007, 2015). Synchronized

transfer studies are described by Wirasinghe and Liu (1995) and Ceder and Tal (2001),

and the timed-transfer concept is described by Maxwell (1999). The second phase aims

at improving PT service reliability using real-time data. Therefore, the question arises

as to whether remedies exist to service reliability problems and, if so, whether they

are implementable and comprehensive. The present research assumes that planned

transfers exist (as part of the first phase); however, with a continuous flow of real-

time data, there is need to select tactics that will attain the minimum discrepancy

between planning and operations.

The research investigates and explains the selection of the best conjunction of different

tactics and their effect on environmental factors, and travellers’ behaviours. The overall

aim of the research is to develop a library of tactics for PT real-time operations to

attain optimal combination of tactics and strategies for reducing the total passenger

travel time and increasing the number of direct people transfers (without wait) at

designated locations. The modelling is based on optimization and simulation frameworks.

Following are the specific objectives:

(i) Constructing an optimization framework to comply with the research’s goal such

that it will reflect and combine the perspectives of the three main players of the

problem: the user, the operator, and the community (government).
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(ii) Creating a simulation framework for the validation of the optimal results and as

a tool for sensitivity analysis of combinations of tactics to attain maximum PT

productivity and efficiency.

(iii) Developing a model that can be used in real-time operations to achieve efficient

interaction between the optimization and simulation procedures with the purpose

of reducing the total passenger travel time and increasing the number of direct

transfers.

(iv) Testing the modelling developed on case studies for the examination of the procedure

developed.

(v) Establish guidelines on the best approaches to use online to increase the probability

of direct passenger transfers and, at the same time, minimizing the total passenger

travel time.

(vi) Developing an efficient and environmentally sustainable method for policymakers

to operate PT networks through the use of operational tactics.

(vii) Developing a qualitative and quantitative study of PT users to obtain a deeper

understanding of travellers’ attitudes toward transport uncertainty and to explore

perceptions of real-time operational tactics on PT service quality.

1.5 Research Methodology

The appearance of new information and communication technologies, such as GPS

and automatic vehicle location (AVL) systems, have made possible the development

of more complex control schemes. In addition, using intelligent and high-resolution

real-time passenger-information systems allow to improve the daily implementation

of these operational tactics. High-resolution information lends the travellers a sense

of greater control over their trip.

The input to the analysis will be based on real-time automatic data-collection systems

used in PT operations, such as AVL, automatic passenger counter (APC), automatic fare

payment (AFP) and computer-aided dispatch (CAD). Currently transit agencies follow

the General Transit Feed Specification (GTFS) for route and schedule information and

connect GTFS real-time data to AFC and APC systems. Tactics embodies in simulation
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Figure 1.1: The proposed research process for developing real-time operational tactics.

and statistical models will be developed to predict delays and disruption, to be compared

with actual delays and disruptions. Consequently, a set of possible control strategies

will be developed from which an optimal strategy can be selected. The development will

enable the selection of best tactics and strategies for deployment in real-time situation

so as to maintain reliable PT service including synchronization between vehicles.

Generally the methodology developed in operational side utilizes simulation (with the

case study input), optimization and again simulation runs with the outcome of the

deterministic optimization for validation under a stochastic framework. When the

optimization program recommends tactics to deploy in the simulation, it is possible

to evaluate the estimated percent/proportion of direct transfers with tactics (based on

the optimization model projection); in addition also to find out how often the direct

transfer is actually attained under stochastic conditions. This approach is used and

entitled ’optimization&simulation-based’ as opposed to the results of the optimization

only entitled ’optimization-based’. Figure 1.1 illustrates the complete process of first

part of the research which is the main part of the research and Figure 1.2 depicts the

proposed solution approach to solve the problem based on each step.
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Figure 1.2: The proposed solution approach (Methodology) with reference to input
steps of Figure 1.1.

The following section provides more information on the general framework of

the research, including environmental impacts and users’ perception toward ap-

plying the library of tactics.

1.6 Thesis Outline

The outline of the thesis consists of assembly of eight journal papers (Nesheli and Ceder,

2014, 2015a,b, 2016, Nesheli et al., 2015a,c,d,e) seeking to address the objectives stated

in Section 1.4; this base of the thesis is complemented by additional four chapters of

introduction, summary of findings, discussion and conclusions. Evidently, some repetition

of material among the chapters was inevitable. Chapter 2 to 9 are grouped into three

main categories: operational, environmental and demand. All these chapters appear in

the form they were either accepted for publication or in-review as it was submitted for

publication with some minor format changes. Chapter 10 is the summary of findings,
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Figure 1.3: The general framework of the chapters and the overall aim of the research.

discussion and conclusion of the research. Figure 1.3 illustrates the general framework

of the chapters and the overall aim of the research.

An overview and key deliverables of Chapter 2 to 10 are presented as follow.

Chapter 2: Optimal combinations of selected tactics for public-transport transfer syn-

chronization.

The main aim of this chapter is to develop a library of selected tactics based on opti-

mization and simulation approach. A mathematical programming model was formulated

to determine the impact of instructing vehicles to either "hold" at or "skip certain stop-

s/segments" on the total passenger travel time and the number of simultaneous transfers.

The results showed that considering the skip-segment by formulating penalty functions

for disadvantaged passengers yielded better results than skipping individual stops. The

methodology of work commences by the use of TransModeler simulation tool Caliper

(2013) to represent a real-life example and to generate random input data for the proposed

optimization model. Then standard optimization software, ILOG IBM (2012), is used to

solve optimally a range of different scenarios determined by the simulation runs.
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Chapter 3: A Robust, Tactic-Based, Real-Time Framework for Public-Transport Trans-

fer Synchronization.

The main purpose of this chapter is to develop a novel robust tactic-based real-time

framework to increase the likelihood of PT transfer synchronization. Despite the con-

tribution of Chapter 2, the proposed approach had some limitations, mainly related to

the assumptions used for constructing the model such as the assumptions associated

with passenger demand i.e., passenger demand is independent of vehicle arrival time.

This chapter continues, rectifies the limitations and advances the research of Chapter 2

by introducing a new operational tactic, "short-turn". To the author’s knowledge, the

present chapter provides the formulation and implementation of the short-turning tactic

as a real-time control action for the first time in the literature. A hybrid model that uses

mixed integer programming (MIP) and constraint programming (CP) techniques to solve

the problem is proposed. An agent-based simulation framework is also used to represent

real-life scenarios, generate random input data, and validate the optimization results.

Chapter 4: Improved Reliability of Public Transportation Using Real-Time Transfer

Synchronization.

The aim of this chapter is to assess and improve service reliability by presenting a proper

performance indicator that quantifies the level of system efficiency. In previous chapters

the methods of implementing real-time operational tactics are developed. In this chapter,

using system reliability theory, a new PT performance index and deterioration and

improvement patterns to improve reliability of PT in real-time is proposed. Five types

of vehicle positional situations with reference to a transfer point, in order to investigate

the efficiency level of the PT system are considered. An agent-based modelling for

simulation is used to incorporate more prudent condition of real-life scenarios. In order

to understand the importance of each components of the developed system performance

index model, a decision tree-based method was used.

Chapter 5: Real-time Public-Transport Operational Tactics Using Synchronized Transfers

to Eliminate Vehicle Bunching.

In this chapter one of the most irritating phenomena in urban PT operations, called

"bunching" or "pairing" is addressed. The main purpose of this chapter is to develop

a methodology, using simulation, to attain optimally real-time control tactics so as
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to minimize the bunching phenomenon. An event-activity based, transport-simulation

framework is developed to represent a real-life example to evaluate the proposed theoretical

model. In this study the library of tactic is constructed based on "Speed-change" and

"Holding the vehicles" control model.

Chapter 6: Synchronized transfers in headway-based public transport service using real-

time operational tactics.

In terms of head-based real-time control, and following the previous chapter a real-

time tactic-based control (TBC) procedure to increase the service reliability and actual

occurrence of synchronized transfers in headway-based PT system is presented in this

chapter. The procedure aims at minimizing, for passengers, additional travel times and

reducing the uncertainty of meetings between PT vehicles. The TBC utilizes selected

online operational tactics, such as "holding", "boarding limit", and "skip-stops", all of

which are based on real-time data.

Chapter 7: Energy efficiency of public transport systems using real-time control.

This chapter investigates and analyses the benefits of using real-time PT operational

tactics in reducing the undesirable environmental impacts. The method is developed in

two phases: : (1) constructing a real-time PT tactic-based control system using three

tactics: "holding", "skip-stops", and "boarding limit", (2) designing a life cycle assessment

process to evaluate the environmental impacts of the PT system before and after the

operational use of real-time operational tactics.

Chapter 8: Matching Public Transport Demand Using Tactic-Based Guideline

This chapter investigates the effect of implementing real-time tactics on passengers’

perceptions and decisions (the demand side) as complementary to the agent side. The

main objective of this chapter is to provide PT agencies a guideline on demand control.

An experimental user preference survey is conducted to determine users’ perception and

decisions related to various operational tactics. To evaluate the differences, the same

survey was conducted in two cities with different characteristics: Auckland in New Zealand

and Lyon in France. A statistical analysis was carried out, and decisions models were

built using both multinomial logistic regression and a decision-tree-based method.
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Chapter 9: Public Transport Service-Quality Elements Based on Real-time Opera-

tional Tactics.

The purpose of this chapter is to identify an understanding of what constitutes PT

service quality (SQ) at the operational level, using real time operational tactics based on

user-centric performance measures. A conjoint analysis combined with cluster analysis is

developed to capture the most important factors in evaluating the SQ process.

Chapter 10 Summary of findings, conclusion and recommendations.

This chapter summarizes the finding and conclusion, addresses the key research con-

tributions, and finally identifies directions for future research.





Chapter 2

Optimal Combinations of Selected

Tactics for Public-Transport

Transfer Synchronization

Published in:

Transportation Research Part C: Emerging Technologies. 48, 491-504.

(Nesheli and Ceder, 2014)

2.1 Abstract

Handling efficiently and effectively real-time vehicle control is of major concern of public

transport (PT) operators. One related problem is on how to reduce the uncertainty of

simultaneous arrivals of two or more vehicles at a transfer point. Improper or lack of

certain control actions leads to have missed transfers, one of the undesirable features

of the PT service. Missed transfers result in increase of passenger waiting and travel

times, and of passenger frustration. This work focuses on reducing the uncertainty of

missed transfers by the use of control tactics in real-time operation. The developed

model improves the PT service performance by optimally increasing the number of

direct transfers and reducing the total passenger travel time. This model consists of two

policies built upon a combination of two tactics: holding and skip-stop/segment, where

a segment is a group of stops. The implementation of the concept is performed in two

21
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steps: optimization and simulation. The optimization searches for the best combination

of operational tactics. The simulation serves as a validation of the optimal results under

a stochastic framework. A case in Auckland, New Zealand is used. The results show

that by applying the holding-skip stop, and holding-skip segment tactics the number

of direct transfers are increased by about 100% and 150%, and the total passenger

travel time is reduced by 2.14% and 4.1%, respectively, compared with the no-tactic

scenario. The holding-skip segment tactic results with 47% more direct transfers than

the holding-skip stop tactic for short headway operation.

2.2 Introduction

The lack of a prudent real-time transit control system is of major concern of public

transport (PT) operators. Improper or lack of certain control actions leads to have missed

transfers, one of the undesirable features of the PT service. Missed transfers results in

increase of passenger waiting and travel times, and of passenger frustration.

A recent study by Ceder et al. (2013b) investigates how to use selected operational tactics

in PT networks for increasing the actual occurrence of scheduled transfers. Their model

determines the impact of instructing vehicles to either hold at or skip certain stops, on

the total passenger travel time and the number of simultaneous transfers. While there is

an extensive research conducted to analyze PT movements at a single control point, there

are only a few analytical studies dealing with real-time control issues. Newell (1974) and

Barnett (1974) demonstrate that a bus falling slightly behind schedule tends to pick up

more passengers causing it to slow down until it eventually bunches with a trailing bus.

Though the bunching could be eliminated to some extent by slowing down the trailing

bus, this will lead to an increased travel time of the passengers onboard this bus.

Turnquist and Blume (1980), in a study on holding tactics, identify conditions under

which those tactics are effective. They implement a simple screening model to assess the

effectiveness of control policies. Their work focuses on measuring the headway variability

and the proportion of total passengers who will be delayed as a result of a holding

strategy. Li et al. (1992) focused on developing bus dispatching criteria at various stops.

Based on proposed cost functions, a holding and stop skipping criterion is analyzed

and optimized. They consider a single route, not taking into account transfers and
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transit centers. Their study shows that a tight stop skipping control strategy significantly

increases the average waiting time, whereas the most critical decision variable is the

holding control parameter. Generally speaking, and following Eberlein et al. (1999),

control strategies can be divided into three categories: stop control, inter-stop control,

and others. The first category contains two main classes of strategies which are known as

holding and stop skipping. The second - includes speed control, traffic signal preemption,

etc. The third - consists of strategies such as adding vehicles, splitting trains, and

more. In a follow up study and as an inclusive analytical investigation in vehicle holding

strategy Eberlein et al. (2001) formulate the holding problem as a deterministic quadratic

program and develop an efficient solution algorithm to solve it. At the same time Hickman

(2001) presents a stochastic holding model at a given control station; a convex quadratic

program with a single variable is formulated for corresponding to the time lapse during

which buses are held. A following study by Sun and Hickman (2005) investigates the

possibility of implementing a stop-skipping policy for operations control in a real-time

manner. A non-linear integer programming problem for two different stop-skipping

policies is formulated to examine how the performance of the two policies changes with

the variability of effective parameters on the route.

Concerning new technologies, Dessouky et al. (2003) examines simulated systems in which

holding and dispatching strategies are used. The dependence of system performance on

new technologies is also investigated. They combined advanced PT systems with new

technologies, such as AVL, APC and wireless communication, to accurately forecast the

buses estimated arrival times and to use bus-holding strategies to coordinate transfers.

Strategies to increase efficiency of a high frequency PT route was studied by Daganzo

(2009) who shows that without interventions, bus bunching is almost inevitable regardless

of the driver’s or the passengers’ behavior. An adaptive control scheme was analyzed to

mitigate the problem. The suggested model, dynamically determines bus holding times

at routes control points based on real-time headway information.

Controlling methods using tactics is demonstrated by Hadas and Ceder (2008) in order

to alleviate the uncertainty of simultaneous arrivals. They developed a new passenger-

transfer concept which extends the commonly used single-point encounter (at a single

transit stop) to a road-segment encounter (any point along the road-segment consti-

tutes a possible encounter point). Their works has been extended for PT network
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connectivity in Hadas and Ceder (2010b). Furthermore, with the aid of operational

tactics, Hadas and Ceder (2010a) improved optimal PT-service reliability via a dy-

namic programming approach.

In the previous research by Ceder et al. (2013b) the potential of holding at stops and

skipping certain individual stops is exhibited in a case study of Auckland, New Zealand.

This work continues and refines the research of Ceder et al. (2013b) by introducing the

possibility of skip-segment in additional to only skipping an individual stop, and for

real-time operational control; the refinement takes place in the optimization formulation.

That is, this work refers to three tactic scenarios: no-tactic case, holding and skip

individual stops, and holding and skip segments. The objectives of work are to create

simulation and optimization frameworks for optimally use the three scenarios and

compare between the scenarios using a case study.

This work is organized as follows. Section 2.3 presents the model formulation and assump-

tions. Section 2.4 describes the case study in Auckland, New Zealand utilizing simulation,

optimization and simulation again. Section 2.5 depicts the analysis and results with a vali-

dation procedure. Lastly, Section 2.6 summarizes the findings and draws conclusions.

2.3 Formulation and Modeling Framework

This work, as is mentioned above, is an extension of the research by Ceder et al. (2013b)

especially in terms of adding the possibility of skipping segments. The methodology of

work commences by the use of TransModeler simulation tool, Caliper (2013) to represent a

real-life example and to generate random input data for the proposed optimization model.

Then standard optimization software, ILOG, IBM (2012), is used to solve optimally a

range of different scenarios determined by the simulation runs. Finally, more simulation

runs are made, containing the tactics determined by the optimization program, so as

to validate the results attained by the model.

2.3.1 Model Description

The model developed considers PT networks consisting of main and feeder routes. The

transfers occur at separate transfer points for each route. The formulation contains all the
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implemented tactics using a deterministic modeling. Analytically the model seeks to attain

minimum total passenger travel time and to increase, in this way, the total number of direct

transfers. The model formulates the tactics of holding vehicles, skipping individual stops,

and skipping segments, as well as indication of missing or making a direct transfer.

The scope of this work is to describe and explain the conjunction of the holding tactic with

skip-stop and skip-segment tactics. This model is not addressing individual controlling

tactics as appear in the literature, e.g., Sun and Hickman (2005), Delgado et al. (2012,

2013), and Liu et al. (2013), but a combined optimal set of tactics . The control decision

consists of when to hold at and skip a stop or to hold at and skip a segment (one or more

consecutive stop) given that a direct transferring is feasible. It is to note that the variables

and formulation related to the hold and skip stop tactics are similar to those appearing

in Ceder et al. (2013b). However, this work is based on new notations and formulation

so as to more accurately accommodate the three tactics dealt with, and moreover to

allow for an easy extension of the concept used to include more operational tactics.

State Variables:

N Set of all bus stops, in which n ∈ N

R Set of all bus routes in which r, ŕ ∈ R

TF Set of all transfer points, in which tr ∈ TF

Qmaxr Passenger capacity of bus of route r

lnr Passengers’ load of route r at stop n

bnr The number of boarding passengers of route r at stop n

anr The number of alighting passengers of route r at stop n

pnrŕ The number of transferring passengers of route r to route ŕ at stop n

dnr Bus dwell time of route r at stop n (in seconds) hr Bus headway of route r

cnr Bus running time of route r at stop n from the previous stop

Anr Bus arrival time of route r at stop n

Dn
r Bus departure time of route r at stop n
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Ω(t)nr Time penalty function of route r at stop n

Γnr Time to reach a desired stop skipped of route r at stop n

Tr Bus schedule deviation of route r

TP trr Transfer stop of route r at transfer point of tr

Er Bus elapsed time of route r from the previous stop to the current position

mr Maximum total number of stops of route r

kr Positional stop of route r for a snapshot

ω Ratio between the average speed of a bus and the average walking speed of pedestrian

(same ratio for all routes and stops).

Parameters:

θnr The number of passengers of route r for a bus departing stop n

βnr The number of passengers waiting at stops further along the routes with respect to

route r and stop n (future passengers)

γnr The number of passengers who wish to have transfers at transfer points with respect

to route r and stop n

λnr The waiting time per passenger at previous stops due to applied tactics.

Decision Variables:

HOnr Bus holding time of route r at stop n

Snr Bus skipping stop of route r at stop n; if stop skipped= 1, otherwise= 0

Y n
rŕ Possible transferring from route r to route ŕ at transfer stop n, pre-tactics; if a

possible transfer occurs= 0, otherwise= 1

Znrŕ Possible transferring from route r to route ŕ at transfer stop n, post-tactics; if a

possible transfer occurs= 0, otherwise= 1.
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Assumptions:

The model is designed deterministically. Therefore the following assump-

tions are made:

• There is foreknowledge of the route information, including average travel times,

average passenger demand, average number of transferring passengers and average

dwell times.

• Passenger demand is independent of bus arrival time.

• Vehicles are operated in FIFO manner with an evenly scheduled headway.

• Passengers will wait at their stop until a bus arrives (none leaves the system without

taking the first arrived bus).

• The bus arriving subsequently to a bus that skipped stop cannot use any of the

two tactics considered.

• Passengers onboard a bus that will skip segment will be informed on this action at

the time of the decision so as they can alight before or after the skipped segment; it

is to note that the formulation of optimization minimizes these type of passengers

and in most cases tested it is nil.

• Stops where passengers want to transfer cannot be skipped.

• Planned transfers exist (as part of the operations planning phase).

2.3.2 Formulation and Properties of Holding Tactic

Holding a vehicle is a tactic considered operationally for regulating undesired scheduled

deviations, reducing bunching and approaching a direct transfer at transfer points.

However, using the holding tactic has some drawbacks on the total travel time of the

passengers. That is, the holding tactic would affect three groups of passengers: a) those

onboard the bus defined as θnr , b) those waiting for the bus further along the route

defined as βnr , and c) those who wish to have transfers defined as γnr . The following

formulation can now takes place. It is to note that, the term ’route’ describes a PT

service that serves a series of stops (e.g., Route 858). A route is made up of a collection
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of ’trips’; each trip represents a single run, based on a certain departure time, along the

series of stops of the route. It is to note that this work refers to routes, not to buses;

the buses are only associated with a given route (no interlining). When we’re referring

to anr , as the number of alighting passengers of route r at stop n, we mean that it can

be related to a few buses in a given time period, not to a specific bus.

θnr = lnr + bnr − anr (2.1)

βnr =
mr∑

i=n+1

bir +
∑
ŕ∈R

(
1− Ziŕr

)
piŕr

 (2.2)

γnr =
∑
ŕ∈R

((1− Y n
ŕr) pnŕr − pnrŕ) (2.3)

The effect of holding tactic on the change in total passenger travel time with respect

to route r and stop n is:

∆TPTT (Holding)nr = HOnr [θnr + βnr + γnr ] (2.4)

2.3.3 Formulation and Properties of Skip-Stop and Skip-Segment

Tactics

Skip-Stop:

When a major disruption occurs, holding a vehicle, as the only tactic available, can-

not guarantee to obviate the headway variation from the schedule. This is true even

with holding the following vehicles because these actions may lead to greater schedule

deviations (Sun and Hickman, 2005).

Skip-stop is another tactic that can be implemented to decrease the irregularity of service

and increase the number of direct transfers. The advantage of skip stop is for passengers

who already are onboard the bus and those to board downstream. On the other hand, it

has an adverse effect on passengers who want to alight or board at the skipped stop.

Skip-Segment:
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(a) Skip-Stop

(b) Skip-Segment

Figure 2.1: Skip-Stop and Skip-Segment tactics

The skip of individual stop tactic has the limit that no more than one stop can be

skipped in a row. However if, for instance, some stops are close to each other and only a

very few passengers will be impacted from skipping those stops, another tactic can take

place as is illustrated by Figure 2.1. That is, to consider skip-segment tactic, where a

segment is defined as a group of one or more stops. One of the assumptions of this work

is that passengers onboard a bus that will skip segment will be informed immediately

on this action at the time of the decision so that they can alight before or after the

skipped segment. This assumption is considered in the optimization formulation and

in most of the cases simulated the amount of this type of passengers was approaching

zero; it is because of minimizing the total travel time. In other words, if the amount

of passengers of this type is large, this tactic of skip segment won’t take place. The

formulation of this type of passengers is explicated as follows.

Let consider the end and start-again service stops of the skipped segment. That is, the

end stop is the last stop served before the skipped segment, and the start-again stop is

the first stop served after the skipped stop. Passengers who want to alight in the skipped

segment and alight at the end-service stop will have extra time to reach their destination

(within the skipped segment) to be termed "forward time",Γ (forward). However to

determine the actual additional travel time, the bus running time to the desired skipped

stop has to be subtracted, and thus the following formulation is used.

Γnr(forward) = (ω − 1)
n∑
i=1

cir

 n∏
i=q

Sir

 ∀ (n, q ∈ N) {1 ≤ q < n} (2.5)

At the same time passengers alighting at the start-again service stop will need to go back
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to their destination stop, and their time is termed "backward time" , Γ(backward). In this

case additional bus running is added, and the passengers to use this way, to reach their

destination, will save the dwell times of the skipped stops. These considerations yield:

Γnr(backward) = (ω + 1)
mr∑

i=n+1
cir

( q∏
i=n

Sir

)
−

n∑
i=1

Sird
i
r ∀ (n, q ∈ N) {1 ≤ n < q} (2.6)

It is possible that these passengers will decide to walk, thus a "walking time" penalty

function is described as:

Ω(t)nr(walking) = min
(
Γnr(forward),Γ

n
r(backward)

)
(2.7)

The alternative of walking is the waiting for the next bus to bring these passengers to their

destination. The waiting time associated with upstream stops is designated λnr to be:

λnr =
n−1∑
i=kr

(
Sird

i
r −HOir

)
(2.8)

The "waiting time" penalty function is then determined by the following equation with

consideration of schedule deviation Tr:

Ω (t)nr(waiting) = (hr − Tr + λnr ) (2.9)

Two penalty functions were established: walking time and waiting time penalties, with

now a new definition of "total time" penalty being the minimum of the two as follows.

Ω (t)nr(total) = min
{

Ω (t)nr(walking) ,Ω (t)nr(waiting)
}

(2.10)

Consequently the effect of the skip-segment tactic on the change of the total travel

time for route r and stop n is:

∆TPTT (Skip − Segment)nr =

Snr

[
anrΩ (t)nr(total) + bnr (hr − Tr + λnr )− dnr (lnr + βnr )

] (2.11)
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2.3.4 Formulation and Properties of Transfers

Synchronized transfers mean that two or more buses, or other PT vehicles, meet at

the same time at a transfer point. As told, this can be improved by the use of real-

time operational tactics. For missed transfers passengers have to tolerate a waiting

time of (hr-Tr) where hr is the headway at route r. Therefore a direct transfer oc-

curs if the following holds.

Y n
rŕ + Y n

ŕr = 0 (2.12)

Znrŕ + Znŕr = 0 (2.13)

In this model a possible transfer Y n
rŕ (before implementing tactics) occur if bus departure

time on route of ŕ is after the bus arrival time on route r and vice versa for Y n
ŕr. Same

arguments apply for Znrŕ and Znŕr after utilizing tactics. If the following conditions hold

direct transfers will be possible and none of the buses will be late at a transfer point.

Anr =
n∑

i=kr
cir − Er (2.14)

Dn
ŕ =

n∑
i=kŕ

ciŕ − Eŕ + dnŕ (2.15)

if Dn
ŕ ≤ Anr , then Y n

rŕ = 1 ∀ (pnrŕ + pnŕr ≥ 1) (2.16)

Subsequently the effect of transfers on the change of the total travel time for

route r and stop n is:

∆TPTT (Transfer)nr =
∑
ŕ∈R

[pnrŕ (Znrŕ (hŕ − Tr + λnr )− Y n
rŕ (hŕ − Tr))] (2.17)



32
Chapter 2. Optimal Combinations of Selected Tactics for Public-Transport Transfer

Synchronization

2.3.5 Objective Function

According to the formulations derived of the total passenger travel time, an objective

function for the proposed model can be written as:

min
∑
r∈R

∑
n∈N

∆TPTT {(Holding)nr + (Skip − Segment)nr + (Transfer)nr } (2.18)

This objective function, of minimum total travel time, is subject to the fol-

lowing constraints.

2.3.6 Constraints

Transfer points cannot be skipped is stated as:

Snr

∑
ŕ∈R

(pnrŕ + pnŕr)

 = 0 (2.19)

Direct transferring would occur only if the following exists:

Anr − λnr −Dn
ŕ −HOnŕ + λnŕ ≤M ∗ Znrŕ ∀ (pnrŕ + pnŕr ≥ 1) ,

M is a large number (2.20)

Tactics can’t be applied on stops that a bus is not going to or are already passed:

HOnr = 0 when (n < kr) (2.21)

Snr = 0 when (n < kr) (2.22)

It is not allowed to skip the first stop:

S1
r = 0 (2.23)
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Moreover no skipping and holding at the same stop are allowed:

{Snr ∗HOnr = 0} (2.24)

This constraint can be simplified and reformulated. Let M denotes a large number; thus

constraint (2.23) is exchanged with the following constraints:

if Snr = 1, then HOnr ≤M ∗ (1− Snr ) (2.25)

if HOnr > 0, thenM ∗ Snr ≤ HOnr (2.26)

The maximum holding time is not more than half the headway of the route:

HOnr ≤ 1/2hr (2.27)

If a transfer occurs at pre-tactics situation the same apply to with-tactics situation:

Znrŕ ≤ Y n
rŕ (2.28)

If direct transferring is possible without the use of any tactic, there is no need to interfere;

this constraint is expressed as follows where M as a large number:

TP trr∑
i=TP tr−1

r

Sir ≤
∑
tr∈TF

M ∗ Y tr
rŕ ∀

(
TP trr > TP tr−1

r > kr
)

(2.29)

TP trr∑
i=kr

Sir ≤
∑
tr∈TF

M ∗ Y tr
rŕ ∀

(
TP trr > kr > TP tr−1

r

)
(2.30)

TP 1
r∑

i=kr
Sir ≤M ∗ Y 1

rŕ ∀
(
TP 1

r > kr
)

(2.31)
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If the use of tactics does not result in a transfer, no tactics are applied:

TP trr∑
i=TP tr−1

r

Sir ∗
∏

tr∈TF
Ztrrŕ < 1 ∀

(
TP trr > TP tr−1

r > kr
)

(2.32)

TP trr∑
i=Kr

Sir ∗
∏

tr∈TF
Ztrrŕ < 1 ∀

(
TP trr > kr > TP tr−1

r

)
(2.33)

TP 1
r∑

i=Kr
Sir ∗ Z1

rŕ < 1 ∀
(
TP 1

r > kr
)

(2.34)

Constraints (2.32-2.34) can be simplified. Let denote Im as:

Im =
∑
tr∈TF

Ztrrŕ (2.35)

The maximum value of Im implies that the use of tactic does not result in a transfer

and Z = 1 for all routes at all transfer points. Thus the following constraint ensures

the use of tactics when a transfer occurs.

if Im = size of Ztrrŕ, then

TP trr∑
i=TP tr−1

r

Sir = 0 ∀
(
TP trr > TP tr−1

r > kr
)

(2.36)

The same applies for Constraints (2.33) and (2.34).

For using Skip-stop (not segment) tactic the following constraint is for skipping

only one stop in a row:

Snr + Sn+1
r ≤ 1 (2.37)

To restrict the number of passengers onboard when the bus departs the stop, the

following checking constraint (true or false) is introduced:

θnr ≤ Qmaxr (2.38)
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2.3.7 Model Optimization

In the previous section the problem was formulated as a mixed-integer programming

(MIP). The formulation of the problem with the three scenarios (no-tactics, holding&skip-

stop, holding&skip-segment) can be solved using constrained programming (CP) tech-

nique. The CP is an efficient approach to solving and optimizing problems that are too

irregular for mathematical optimization. The reasons for these irregularities (IBM, 2012)

are: (i) the constraints are nonlinear in nature, (ii) a non-convex solution space exists

with many local-optimal solutions and (iii) multiple disjunctions exist resulting in poor

returned information by a linear relaxation of the problem. A CP engine makes decisions

on variables and values and, after each decision, performs a set of logical inferences to

reduce the available options for the remaining variables’ domains. This is in compari-

son with a mathematical programming engine that uses a combination of relaxations

(strengthened by cutting-planes) and ’branch and bound’. CP solver is an appropriate tool

for discrete optimization problem (Hooker, 2006). Optimization programming language

(OPL) using ILOG (IBM, 2012) allows us to execute the optimization problem with the

benefits of both MIP and CP to reduce the computation time.

2.4 Case Study of Real-Time Tactics Implementation

Examination of the model developed took place with a real-life case study. The data of

the case study was collected in Auckland, New Zealand. It is to note that all buses of the

Auckland transport network are equipped with AVL systems. The primary benefits of

the AVL system are in the communication and processing of data for service monitoring,

fleet management, and traveler information as is describe by Hickman (2004). AVL can

display the current location of the bus, whether or not it is on schedule, and any other

important messages that may be communicated between the driver and the control center.

In this work with the consideration of AVL systems, it becomes possible to provide

passengers with information on how the service is going to be delivered, e.g., passengers

onboard a bus that will skip segment will be informed on this action at the time of the

decision so as they can alight before or after the skipped segment. In addition, AVL

data are used to analyze bus travel times and schedule adherence (to implement holding
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tactics). This means that real-time information on bus locations can be used to predict

bus arrivals at the transfer points and to determine bus schedule deviations.

The PT network consists of three bus routes and two transfer points. The first route

is known as Northern Express with a dedicated lane that runs from the suburb across

the Auckland CBD area and has quite a high number of passengers during Peak hours.

The second route, Route 858, runs north-south (east of the first route), and the third

route, Route 880, is a loop that serves as a feeder route. Figure 2.2 illustrates the

three routes and the two transfer points used.

2.4.1 Data

The data was recoded on the buses running on the routes shown in Figure 2.2. The

available data are route characteristics-based; that is, stop ID, longitude, latitude, stop

sequence, stop flag, stop code, stop name, route ID, user ID, point ID, and route

number. Bus capacity of 60 passengers is assumed with 40 seated passengers and 20

standing (Transit Capacity, 1999).

The simulation package used, TransModeler 3.0 (Caliper, 2013), considers passenger

crowding for the calculation of the dwell time. That is, it takes longer to board or

alight a bus if there are more standing passengers. In addition, bus dwell times were

taken from Dueker et al. (2004) for simulation use. It affects whether or not the stop

be skipped. The dead time (time spent at the stop without boarding or alighting) is

set to 4 seconds as the default value of TransModeler. The study by Dueker et al.

(2004) showed that the boarding time per passenger was found to be 3.48 seconds and

alighting time per passenger 1.70 seconds.

Passenger demand in terms of OD matrix is being estimated based on the average

number of passengers boarding and alighting at each stop, from the first stop of the

route to a transfer point. That is, OD is estimated based on proportions of the number

of boarding, alighting and onboard passengers; the time and location of boarding and

alighting of passengers are provided. That is, the average proportion of boarding and

alighting passengers at all stops before a transfer point is applied to the transfer point

and the difference is the number of transferred passengers. Average headways and

dispatch times are assumed to be known at both Transfer Point 1 and Transfer Point 2.
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Figure 2.2: Bus system and the study routes, Auckland, New Zealand.

In addition, vehicle seating capacity considered is 40 and vehicle headways considered

are 5, 10, 15 and 20 min (same for all routes).

2.4.2 Network Simulation

The case study was simulated for analysing and validating the performance of the model

before and after implementation of the tactics. Moreover, the PT network has been

simulated for handling the concept of synchronized transfers.

The simulation software TransModeler, (Caliper, 2013) has been used to simulate

the network. At the same time the model was coded into the optimization pack-

age ILOG by (IBM, 2012).

2.5 Result and Analysis

Three scenarios are used for the simulated network. For the first scenario ’No-Tactics’

direct transfers occurred infrequently. The other two scenarios are ’holding & skip-stop’

and ’holding & skip-segment’. All scenarios are examined for different headways: 5min,

and 10min to represent short headways and 15min and 20min as long headways.
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2.5.1 Simulation of the Case Study

The simulation was executed for a time period of 24h in order to accumulate enough

statistical data required for the three scenarios. The first run, naturally, represents the

current situation and no tactics. The evaluation of this step includes the number of direct

transfers and deviation from the bus schedule at different locations. In addition, reference

stops have been selected to determine the deviation from scheduled arrivals at the transfer

points. Thus when a bus is arriving at a reference stop, four stops before the transfer

point, the other bus could be at a different location than supposed to be according to the

timetable. By dividing the other bus’s route into small segments, the probability of it

being present at the location expected can be found. This enables the investigation of bus

schedule deviation at the stops located before and at the transfer point. Consequently

the suggested tactics can then be applied for compensating the schedule deviations. The

simulation results show that schedule deviations are between −247 and +177 seconds.

These results enable to estimate the location of the buses. Thirteen different bus schedule

deviations have been introduced to determine the probability of the bus location. The

probability is obtained by running the simulation a few times.

2.5.1.1 Simulation Output

The information generated at the end of the simulation run is route name, physical

stop number, trip number, scheduled headway, arrival time, departure time, stop name,

headway from previous vehicle, vehicle number, trip time, number of alighting and

boarding passengers, and vehicle dwell time. These outputs are exported for sorting and

filtering for separating out specific data required (e.g., for a particular bus or transfer

point). The first hour of simulation is always discarded to eliminate the impact of

initial conditions and to allow for the model time to stabilize (warm-up period). Then

the data is plugged into the ILOG optimization model in order to get the optimum

solution (tactics) for different scenarios.

2.5.1.2 Optimization Process

The information of the buses in each of the prescribed cases was input into the optimization

model. Then the optimal scenario tactic-related is determined for each schedule-deviation
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case so as to minimize the total passenger travel time; this optimal solution will naturally

tends to maximize the number of direct transfers. For instance, at Transfer-point 1,

eleven cases have been investigated, and for each case the optimal tactic is suggested.

The results appear in Table 2.1(a) and (b).

Table 1 shows the optimal tactics for each scenario and the potential saving of total

passenger travel time. In Table 2.1(a) a group of stops has been skipped for different

cases of schedule deviations. For example, in the first row at 128 sec delay of Route 858,

skipping consecutive stops will start at Stop 101 and will end at Stop 107; the holding

time is 61 seconds and the direct transfer does occur from Route 858 to Route 880 with a

total travel time saving of 6592 seconds. The ’holding & skip-segment’ combined tactics

results in a more saving of passenger travel time compared with the ’holding & skip-stop’

combined tactic. For a deviation between 0 and 27 seconds, direct transfer occurs without

the implementation of any tactic. The use of the ’holding & skip-segment’ enabling direct

transfers around 100 seconds schedule deviation whereas by using the ’holding & skip-stop’

combined tactics for this case it results in a missed transfer; the third row from bottom of

Table 2.1(a) and (b) emphasizes it. Table 2.1 exhibits that for deviations over 100 seconds,

none of those scenarios of tactics is effective and passengers will miss a direct transfer.

2.5.2 Validation Using Simulation

The methodology developed utilizes simulation (with the case study input), optimization

and simulation runs with the outcome of the deterministic optimization for validation

under a stochastic framework. When the optimization program recommends tactics to

deploy in the simulation, it is possible to evaluate the estimated percent/proportion of

direct transfers with tactics (based on the optimization model projection); in addition also

to find out how often the direct transfer is actually attained under stochastic conditions.

This approach is used and entitled ’optimization&simulation-based’ as opposed to the

results of the optimization only entitled ’optimization-based’.

2.5.3 Results and Performance of the Proposed Model

Table 2 and Figure 3 summarize the main results of the simulated case study. It is to note

that a careful check of the ILOG-based formulation of the holding and skip-stop tactic of
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Table 2.1: Results of Optimization at Transfer-point1

(a) Optimal "Holding & Skip-Segment" scenario
Bus Location Routs858 Routs880 Transfers Modification

Time
Deviation from
Schedule (sec)

Skipped
Segment

Holding at
Transfer 1

Skipped
Segment

Holding at
Transfer-point

1

Improved
Direct

Transfers; from
route → to
route (Z)

DT ∆TPTT

-128 101. . .107 61 sec 858→880 YES -6591.907
-92 102. . .107 35 sec 858→880 YES -6457.055
-69 103. . .107 19 sec 858→880 YES -5857.552
-47 103. . .107 858→880 YES -6473.152
-23 104. . .107 858→880 YES -5276.088
0 - YES 0
27 - YES 0
60 89. . .92 880→858 YES -3425.776
100 18 sec 89. . .92 880→858 YES -1748.266
140 - NO 0
177 - NO 0

(b) Optimal "Holding & Skip-Stop" scenario
Bus Location Routs858 Routs880 Transfers Modification

Time
Deviation from
Schedule (sec)

Skipped Stop
Holding at

Transfer-point
1

Skipped Stop
Holding at

Transfer-point
1

Improved
Direct

Transfers; from
route → to
route (Z)

DT ∆TPTT

-128 101, 103, 105,
107 96 sec 858→880 YES -2700.087

-92 102, 104, 106 68 sec 858→880 YES -2780.124
-69 103, 105, 107 41 sec 858→880 YES -3404.499
-47 103, 105, 107 18 sec 858→880 YES -4149.699
-23 104, 106 6 sec 858→880 YES -3577.471
0 - YES 0
27 - YES 0
60 3 sec 90,92 880→858 YES -2804.691
100 - NO 0
140 - NO 0
177 - NO 0

Note: DT = YES/NO for direct transfer occurrence

Ceder et al. (2013b) revealed some inaccuracies, thus it was modified in this work. The

optimization process time, using Intel CoreTM i5-2500 CPU 3.30 GHZ and 8.00 GB RAM,

depends on the positional stop. The resulting process time varies between 5-13 seconds

which is reasonable for a real-time consideration. Table 2.2 (a) and (b) describes the

probability (proportion) of direct transfers for each scenario using four types of headways

(same for all routes): 5, 10, 15 and 20 minutes. The three scenarios are designated

’No-Tactics’, H-S (holding and skip-stop), and H-SS (holding and skip-segment). The

last column of Table 2.2 depicts the percentage of improvement of each combined tactic

over the No-Tactics scenario in terms of the number of direct transfers.

As expected the validated results in Table 2.2 under ’optimization&simulation-based’

reduce the probability of direct transfers, but not significantly. The impressive part is

the % improvement of the number of direct transfers with tactics compared with the
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Table 2.2: Direct Transfers for each scenario

(a) Direct Transfers at Transfer-point 1
Headway Probability of Direct Transfers Improvement

(same for all routs) Scenario Optimization
based

Optimization & simulation
based (%)

5min
No Tactics 0.28 N/A N/A

H-S 0.59 0.55 99.82%
H-SS 0.71 0.69 148.62%

10min
No Tactics 0.30 N/A N/A

H-S 0.62 0.58 91.95%
H-SS 0.71 0.69 129.21%

15min
No Tactics 0.32 N/A N/A

H-S 0.86 0.83 156.18%
H-SS 0.90 0.89 176.50%

20min
No Tactics 0.31 N/A N/A

H-S 0.95 0.93 203.85%
H-SS 0.95 0.94 206.86%

(b) Direct Transfers at Transfer-point 2
Headway Probability of Direct Transfers Improvement

(same for all routs) Scenario Optimization
based

Optimization & simulation
based (%)

5min
No Tactics 0.10 N/A N/A

H-S 0.12 0.12 15.87%
H-SS 0.18 0.18 70.38%

10min
No Tactics 0.11 N/A N/A

H-S 0.20 0.20 74.77%
H-SS 0.29 0.28 154.21%

15min
No Tactics 0.17 N/A N/A

H-S 0.56 0.56 224.82%
H-SS 0.56 0.56 224.82%

20min
No Tactics 0.19 N/A N/A

H-S 0.65 0.64 232.95%
H-SS 0.65 0.64 232.95%

Note: H-S = holding and skip-stop; H-SS = holding and skip-segment; N/A = data not available

No-Tactics scenario, which naturally increases with the headway of service.

The number of direct transfers at Transfer-point 2 is generally lower for short headways

than the numbers attained for Transfer-point 1. This is because Transfer-point 2 is

the second stop of the Northern express route and thus the variability of its travel

and arrival times, for short headways (5 and 10 minutes), is relatively small. This

is not the case for longer headways.

Table 2.2 results demonstrate the significant better results for the holding and skip-

segment combined tactic than for the holding and skip-stop combined tactic especially

for short headway cases. This can be also observed in Figure 3 which illustrates the
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effect of the model on the total passenger travel time for Transfer-point 1.

In Figure 2.3 the results of short headways, in Part (a), are completely different from

the results of the long headways, in Part (b) in terms of the shape of the trend before

and after the No-Tactics zone. Figure 2.3 shows that by using the combined tactics,

compared with the No-Tactics scenario, a considerable reduction of total travel time

is attained. Parts (a) and (b) of Figure 2.3 show that when the schedule deviation

tends to zero, the maximum saving of total travel time occurs without the use of any

tactics; this max travel time saving coincides with max numbers of direct transfers.

It is also observed, from Figure 2.3, that the schedule-deviation interval, in which no

tactic is used, is larger for long than short headways.

The different shapes of trend in Parts (a) and (b) of Figure 2.3 deserve explication.

Figure 2.3(a) illustrates that a larger reduction of total passenger travel time is possible

when the bus is behind schedule. This suggests that passengers waiting for a late bus

prefer, in the short headway cases, to continue to wait than to find an alternative solution

(walking or use of another travel mode). In this case it worth applying the combined

tactics. Figure 2.3(b) demonstrates an entirely different pattern; it shows that, in the

long headway case, travel time is not saved much for large schedule deviations. That is,

unreliable service for long headway cases cannot be compensated by the use of tactics

and passengers will tend to find, for such a service, alternative solutions. However, if

the deviations are reasonable, the use of tactics can save travel time and increase the

number of direct transfers. It is to note that the deviations (in seconds) of Figure 2.3

are based on a few assumptions, thus cannot be translated to exact figures of being

behind or ahead of the planed schedule. Instead their trends provide a new insight

of when to use the combined tactics proposed.

2.5.3.1 Headway Distribution

In addition to the validation of the optimization results for the different scenarios, it

is also possible to monitor the headway variation for a typical simulation run. Bus

bunching takes place when headways between buses are irregular. Identifying and

understanding the distribution and attributes of bus bunching helps to ensure appropriate

control strategies .The simulation results illustrate the headway frequency distribution,

over hours of day and stops along a route. Figure 2.4 shows an example of headway
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(a) ∆TPTT for Short Headway (5 min, 10 min)

(b) ∆TPTT for Long Headway (15 min, 20 min)

Figure 2.3: ∆TPTT with the two combined tactics of holding and skip-stop/segment
at Transfer-point 1
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distribution before and after applying the tactics for a time period of 24h in order

to accumulate enough data. Route 858 is selected because this route is the longest

route of the case study and is long enough for bus bunching to appear with 5 min

headway. Based on Molnar (2008), bunching is considered where the headway between

buses is less than or equal to two minutes.

Accordingly, Figure 2.4(a) shows that 20.6% of the buses are bunched up when there

is no control on the PT services compared with about 13% when utilizing tactics as it

appeared in Figure 2.4(b). That is, the performance of 7.6% buses has been significantly

improved. It is to note that applying tactics avoid bunching before the transfer points;

this undoubtedly assists in making direct transfers.

2.5.3.2 Sensitivity Analysis

Sensitivity analysis of the results was performed on the objective-function components

using the Tornado-diagram method in Figure 2.5. The purpose of a tornado diagram

is to graphically show the impact of variations of the variables on model output, and

ranking it in order of importance (Eschenbach, 1992).

Each black bar in Figure 2.5 illustrates the changes to the total passenger travel time

when the variable is ranged between its lower- and upper-bound values. Certainly,

a longer bar reflects greater sensitivity. The variables considered are short and long

headways, in Figure 2.5a, and Figure 2.5b, respectively. In each figure there is a solid

vertical line representing the base, or most frequent, case of direct transfer. For instance,

the first and most sensitive bar of Figure 2.5a is related to changes of total passenger

travel time (TPTT) when using the skip-stop tactic. If this tactic is not used, TPTT is

not changed, and ∆TPTT = 0 and this is the upper bound of TPTT for the skip-stop

tactic. However, if using the skip-stop tactic with its maximum possibilities then TPTT

will be reduced and ∆TPTT = −6768.307, or in the other words, this the lower bound

of the ∆TPTT . It is to note, as expected, that making transfer for a long headway

is an important factor requiring more attention.
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(a) Headway distribution before tactics

(b) Headway distribution after tactics

Figure 2.4: Headway distribution of Route 858
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(a) Sensitivity of the objective-function components for variations of short headways

(b) Sensitivity of the objective-function components for variations of long headways

Figure 2.5: Sensitivity of total passenger travel time to variations of short and small
headways for each component (skip-stop/segment, holding, and transfer)

2.6 Concluding Remarks

Handling efficiently and effectively real-time vehicle control is of major concern of

public transport (PT) operators. This work focuses on reducing the uncertainty of

missed transfers by the use of control tactics in real-time operation. The work is both a

continuation and refinement of a recent study by Ceder et al. (2013b) especially in terms of

adding the possibility of skipping segments, where each segment is a group of one or more

stops. The methodology developed commences by the use of a simulation tool to represent

a real-life example, in Auckland, New Zealand in this work, and to generate random

input data for the proposed optimization model. Then standard optimization software

is used to solve optimally a range of different scenarios determined by the simulation

runs. Finally, more simulation runs are made, containing the tactics determined by the

optimization program, so as to validate the results attained by the model.
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The skip of individual stop tactic has the limit that no more than one stop can be skipped

in a row. However if, for instance, some stops are close to each other and only a very

few passengers will be impacted from skipping those stops, the skip-segment tactic can

take place. This work examined three scenarios: No-Tactics, holding and skip-stop, and

holding and skip-segment; the two latter scenarios are combined operational tactics.

The analysis shows significant better results for the holding and skip-segment combined

tactic than for the holding and skip-stop combined tactic especially for short headway

cases. In addition, the results exhibit that: (i) by using the combined tactics, compared

with the No-Tactics scenario, a considerable reduction of total travel time is attained,

(ii) when the schedule deviation tends to zero, the maximum saving of total travel time

occurs without the use of any tactics; this max travel time saving coincides with max

numbers of direct transfers, and (iii) passengers waiting for a late bus prefer, in the

short headway cases, and for a not so late and not so ahead-of-time bus, in the long

headway cases, to continue to wait than to find an alternative solution (walking or use of

another travel mode); a behaviour that makes it worth applying the combined tactics.The

limitation of this study is mainly related to the assumptions used for constructing the

model. For instance, for a highly varied time-independent passenger demand the model

may need to be further adjusted to account for large errors.

Future research may continue to develop a library of operational tactics especially for

the nowadays advance of communication technologies. These tactics can reduce, among

other things, the uncertainty of simultaneous arrivals of two or more vehicles at a transfer

point, and in this way to reduce or diminish the missed transfer case which is one of

the undesirable features of the PT service.

The next chapter continues, rectifies the limitations and advances the research of

Chapter 2 by introducing a new operational tactic "short-turn" and new simulation

framework (agent-based simulation).
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3.1 Abstract

Missed transfers affect public transport (PT) operations by increasing passenger’s waiting

and travel times and frustration. Because of the stochastic and uncertain nature of

PT systems, synchronized transfers do not always materialize. This work proposes a

new mathematical programming model to minimize total passenger travel time and

maximize direct (without waiting) transfers. The model consists of four policies built on

a combination of three tactics: holding, skip-stops, and short-turn, the last applied, for

the first time, as a real-time control action. The concept is implemented in two steps:

optimization and simulation. An agent-based simulation framework is used to represent

real-life scenarios, generate random input data, and validate the optimization results.
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In order to assess the robustness of this framework, a wide range of schedule-deviation

scenarios are defined using efficient algorithms for solving the control models within a

rolling horizon structure. A case study of the Auckland, New Zealand, PT system is

described for assessing the methodology developed. The results show a 4.7% reduction

in total passenger travel time and a more than 150% increase in direct transfers. The

best impressive results are attained under short headway operations.

3.2 Introduction

A common strategy implemented internationally by public transport (PT) agencies is

to develop an integrated, multi-modal transport system in order to provide travelers

with a viable alternative to private cars. An important element for retaining existing

users and attracting new passengers is to improve serviceability by offering routes with

"seamless" transfers. Ceder (2007, 2015) defined a well-connected transit path as an

advanced, attractive transit system that operates reliably and relatively rapidly, with

smooth (ease of) synchronized transfers, part of the door-to-door passenger chain.

The facilitation of inter-route, inter-modal, or intra-modal transfers is a key component

in achieving full integration of the network. The use of PT transfers has the advantages

of reducing operational costs and introducing more flexible and efficient route planning.

However, the main drawback, from the passengers’ perspective, is the inconvenience

of traveling multi-legged trips; more than a few research studies have shown evidence

that PT users are negatively inclined to make transfers if it involves uncertain waiting

time (Ceder et al., 2013a). To diminish the waiting time caused by transfers, Ceder

and Tal (2001) introduced synchronized timetables. Nonetheless, because most PT

attributes are stochastic (travel time, dwell time, demand, etc.), their use suffers from

uncertainty about the simultaneous arrival of two or more vehicles at a transfer point.

Improper or the lack of certain control actions leads to missed transfers, one of the

undesirable features of PT service, as it causes increased passenger waiting and travel

times and consequently passenger frustration.

Various studies have been advanced to model PT real-time control e.g., (Delgado et al.,

2012, 2013, Hadas and Ceder, 2010a, Hickman, 2001, Sun and Hickman, 2005). However,

the main drawback of possible real-time control actions is the lack of prudent modeling
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and software that can activate these actions, whether automatically, semi-automatically,

or manually. In addition, it has been very difficult to evaluate the positive and negative

effects of individual control strategies with respect to operations and passenger travel times

under real-world conditions (Carrel et al., 2013). Such modeling can be employed in a PT

control center in order to allow for the best exploitation of real-time information. Thus,

a question arises as to how modeling and simulation can be created to optimally select

tactics for real-time operations deployment using the stochastic nature of PT networks.

The present work proposes a methodology, based on a robust real-time framework, to

find the optimal combination of tactics for controlling the PT system. The objective is to

develop intelligent modeling with a library of tactics in terms of real-time control actions;

these developments will be based on optimization and simulation frameworks.

3.3 Literature Review

Fundamentally there are two distinctive real-time public-transport performance dis-

ruptions: 1) deviations from the schedule (timetable), but not necessarily creating an

imbalance between supply and demand; 2) creation of an imbalance between supply

and demand (overloaded and almost empty vehicles), but not necessarily deviating

from the schedule (Ceder, 2007, 2015). Given that these disruptions are known in

real-time (e.g., by an automatic data- collection systems and GPS), corrective and

restorative control strategies can take place.

Generally speaking, and following Eberlein et al. (1999), control strategies can be divided

into three categories: stop control, inter-stop control, and others. The first contains two

main classes of strategies, known as holding and stop-skipping. The second category

includes such as speed control, traffic signal preemption. The third consists of such

strategies as adding vehicles and splitting vehicles. In a follow up study and as an

inclusive analytical investigation of the vehicle holding strategy, Eberlein et al. (2001)

formulated the holding problem as a deterministic quadratic program and developed an

efficient solution algorithm to solve it. At the same time, Hickman (2001) presented a

stochastic holding model at a given control station; a convex quadratic program with a

single variable was formulated to correspond to the time lapse during which buses were

held. A subsequent study by Sun and Hickman (2005) investigated the possibility of

implementing a stop-skipping policy for operational control in real-time. A non-linear
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integer programming problem for two different stop-skipping policies was formulated

to examine how the performance of the two policies changed with the variability of

effective parameters on the route.

In terms of new technologies, Dessouky et al. (1999) showed the potential benefits of

real-time control of timed transfers using intelligent transportation systems. Continuing

along these lines, Dessouky et al. (2003) examined simulated systems that employed

holding and dispatching strategies. The results showed that advanced technologies were

most advantageous when there were many connecting buses; the schedule slack was

then close to zero. Fu et al. (2003) proposed a pair-of-vehicles operational strategy that

allowed the following vehicle of a pair to skip some stations. Zhao et al. (2003) proposed a

distributed architecture to coordinate bus scheduling at stops using multi-agent systems.

The authors treated each bus-stop as an agent; the agents negotiated with one another

on the basis of marginal cost calculations to minimize passenger waiting-time costs.

Concerning holding strategy, Zolfaghari et al. (2004) used real-time bus-location infor-

mation and proposed a simulated, annealing-based heuristic algorithm. Yu and Yang

(2009) investigated holding strategy by considering the prediction of next-stop departure

times. The support vector machine was used to predict the departure time, and a genetic

algorithm employed to optimize the holding time. Cats et al. (2011) proposed a dynamic

transit-simulation model, Bus Mezzo, to investigate the holding strategy, considering

the interaction of passenger activity, transit operations, and traffic dynamics. Delgado

et al. (2012) investigated holding and boarding-limit strategies. A mathematical model

without binary variables was proposed for real-time transit operations.

Strategies to increase the efficiency of a high frequency PT route was studied by Daganzo

(2009), who showed that without interventions, bus bunching was almost inevitable regard-

less of the driver’s or the passengers’ behavior. An adaptive control scheme was analyzed

to mitigate the problem. The suggested model dynamically determines bus holding times

at route control points based on real-time headway information. Controlling methods

using operational tactics to alleviate the uncertainty of simultaneous arrivals was demon-

strated by Hadas and Ceder (2008), who developed a new passenger-transfer concept that

extended the commonly used single-point encounter (at a single transit stop) to a road-

segment encounter (any point along the road-segment constitutes a possible encounter

point). Their work has been applied to PT network connectivity in Hadas and Ceder
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(2010a). Furthermore, with the aid of operational tactics, Hadas and Ceder (2010b) im-

proved optimal PT-service reliability by means of a dynamic programming approach.

The recent study by Ji and Zhang (2013) also proposed a robust dynamic control strategy

to regulate bus headways and to prevent buses from bunching by holding them at bus

stops. They developed a controlling method to produce better system reliability than

that of some of the existing control strategies. Finally, Muñoz et al. (2013) investigated

dynamic control strategies for PT operation with real-time headway-based control,

comparing different approaches to different scenarios.

Although extensive research has been conducted to analyze PT movements at a one-

way loop transit corridor, only a few analytical studies dealt with real-time PT vehicle

control issues at a transit-network level. Thus, there is need to assess and improve

service reliability by presenting a proper real-time control algorithm that quantifies

the level of system efficiency in more complex systems. In an earlier attempt, Nesheli

and Ceder (2014) defined the optimal combination of selected tactics for PT transfer

synchronization. A mathematical programming model was formulated to determine

the impact of instructing vehicles to either hold at or skip certain stops/segments

on the total passenger travel time and the number of simultaneous transfers. They

further showed that considering the skip-segment by formulating penalty functions for

disadvantaged passengers yielded better results than skipping individual stops. Despite

its contribution, their approach had some limitations, mainly related to the assumptions

used for constructing the model such as the assumptions associated with passenger

demand i.e., passenger demand is independent of vehicle arrival time. The model may

need to be further adjusted to account for large errors.

In this work, we overcome these limitations, while preserving and refining the formulations

and adding a new operational tactic, short-turning. To the authors’ knowledge, the present

study provides for the first time in the literature the formulation and implementation of

the short-turning tactic as a real-time control action. We develop a hybrid model that

uses mixed integer programming (MIP) and constraint programming (CP) techniques

to solve the problem, which is a combinatorial problem in which the decision variables

are a finite and discrete set. Certainly in order to deal with real-time issues, special

attention must be paid to the running time of the algorithm developed. However, because

of the problem being NP hard, the proposed method look is to solve the problem in
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polynomial time to make it tractable. A rolling horizon approach is utilized to solve this

hybrid model. An agent-based, transport-simulation framework is also used to represent

a real-life example and to generate random input data for the proposed optimization

model. Based on the proposed framework, both the uncertainty of the PT service and

total passenger travel time are reduced by increasing the number of direct transfers.

3.4 System Characteristics

The system underlying the model is a two-way transit network consisting of main and

feeder routes. The transfers occur at separate transfer points for each route as shown

in Figure 3.1. The service area is divided into I1, I2, · · · , Im segments (one or more

consecutive stops), with n ∈ N vehicle stops and r ∈ R routes. Vehicles moving on

route segments leading to the same transfer points belong to the same rolling horizon

scheme. A service is made up of a collection of "trips"; each trip represents a single

run, based on a certain departure time, along the series of stops on the route. Vehicles

start their run at a terminal, defined as Stop 1, visiting all stops downstream 2, 3, · · · , n.

The routes are numbered in strict order of direction along the network; vehicles on

routes {r1, r2, · · · , r |R|2 } serve direction 1, and those on routes {r |R|2 + 1, · · · , r |R|},

where |R| is the size of set R serving the reverse direction as direction 2. Thus |R|2 is

a size of routes for each direction. The matrix of transfer points TF where t ∈ TF

is given, and the matrix of transfer stops is TP .

The matrix of transfer points involves the routes and their transfer points. The matrix of

transfer stops involves the stops and transfer points for the proposed PT system model.

Reference stops have been selected, in this work, to help determining the deviation from

scheduled arrival times at the transfer points. Thus when a vehicle is arriving at a

reference stop, e.g., four stops before the transfer point, the other vehicle could be at a

different location than supposed to be according to the timetable. By dividing the other

vehicle’s route into small segments, the probability of it being present at the location

expected can be found. This enables the investigation of vehicle schedule deviation at

the stops located before and at the transfer point. Consequently the suggested tactics

can then be applied for compensating the schedule deviations.
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Figure 3.1: Proposed PT system model.

3.5 Math Formulation

A new formulation for the problem of transfer synchronization at the operational level

with real-time information is considered. This model allows us to improve PT service

performance by optimally increasing the number of direct transfers and reducing total

passenger travel time. The model describes and explains the conjunction of selected

tactics and does not address individual controlling tactics as described in the literature

e.g., Delgado et al. (2012, 2013), Sun and Hickman (2005). The main differences between

this work and Hadas and Ceder (2010a) are: (i) use of MIP-CP model capable of solving

large size problems in comparison with the dynamic programming (DP) approach in

Hadas and Ceder work; (ii) use of different methods to implement optimally real-time

control actions, and (iii) use of real-world PT network.

3.5.1 Nomenclature

The following indices and parameters are used in the model:

N = Set of stops

R = Set of routes in which r, x ∈ R, where r and x are two different routes

Qmaxr = Passenger capacity of vehicle on route r
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lnr = Passengers’ load at stop n on route r

bnr = Number of boarding passengers at stop n on route r

anr = Number of alighting passengers at stop n on route r

pnrx = Number of transferring passengers from route r to route x at stop n

λnr = Passenger arrival rate

νnr = Passengers alighting rate

dnr = Vehicle dwell time at stop n on route r (in seconds)

hr = Vehicle headway of route r

cnr = Vehicle running time at stop n on route r from the previous stop

Anr = Vehicle arrival time at stop n on route r

Dn
r = Vehicle departure time from stop n on route r

Ω(t)nr = Time penalty function at stop n on route r

Γnr = Time to reach a desired stop-skipped at stop n on route r

θIr = Vehicle schedule deviation at segment I on route r

EIr = vehicle elapsed time on route r from the previous stop to the current position at

segment I

mr = Maximum total number of stops on route r

Ur = Last transfer stop on route r

kIr = Positional stop for a snapshot at segment I on route r

ω = Ratio between the average speed of a vehicle and the average walking speed of a

pedestrian
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3.5.2 State Variables

Every time a vehicle reaches a reference stop, the model is used to decide how long the

arriving vehicle should be held, how many stops should be skipped, and what stops should

be turned to serve the opposite-direction demand thus making a direct transfer, based on

real-time estimation of the state of the system (i.e., the position of each vehicle and number

of passengers aboard) and the number of passengers waiting at the various stops. The

state of the system is described by the estimation of the following set of state variables:

Bn
r = Number of passengers for a vehicle departing stop n on route r

Wn
r = Number of passengers waiting at stops further along route r and stop n (future

passengers)

WTnr = Extra waiting time per passenger at previous stops as a result of the applied

tactics

3.5.3 Decision Variables

Let LT be the library of tactics, consisting of holding (HO), skip stop/segment (S),

and short turning (SH). To consider the problem of transferring passengers, passenger

transfer time (T ) is defined. The binary variables Y and Z are used to determine if a

direct transfer is made before and after implementation of tactics, respectively. The

term "direct transfer" means a synchronized transfer for vehicles of both routes r and x

without a wait. The decision variables considered in the model are as follows:

HOnr = vehicle holding time at stop n on route r

Snr = vehicle skipping-stop at stop n on route r; if stop skipped= 1, otherwise= 0

SHn
r = vehicle short-turning stop at stop n on route r; if stop short-turn= 1, otherwise= 0

Y n
rx = Possible transfer between routes r and x at transfer stop n, pre-tactics; if a possible

transfer occurs= 0, otherwise= 1

Znrx = Possible transfer between routes r and x at transfer stop n, post-tactics; if a

possible transfer occurs= 0, otherwise= 1.
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Figure 3.2: A typical network snapshot.

3.5.4 Assumptions

It is assumed that the vehicles are operated in FIFO manner, with an evenly scheduled

headway per route. Route information, including travel times between stops, estimation

of passenger arrival rates at each stop, and average number of transferring passengers are

assumed known and fixed over the period concerned. It is also assumed that passengers

onboard a vehicle will be informed of any action at the time of the decision so that

they can choose to alight before or after the action. Stops where passengers want to

transfer cannot be skipped or short-turned.

3.6 Problem Formulation

We can now formulate a deterministic mathematical programming problem that simul-

taneously determines holding times, the number of skipped stops from the skipping-

stop/segment (skip segment is more general than skip-stop and encompasses it), or

short-turning, and lastly the solution for the proposed objective function for each sched-

ule deviation. It is assumed that passengers will wait at their stop until a vehicle arrives

(none leaves the system without taking the first vehicle to arrive). Figure 3.2 illustrates

a snapshot of a typical 3-route network for clarification. This scheme is showing how

to enable vehicles to meet at transfer points. For instance, vehicles of Routes 1 and 3

utilize optimum combination of tactics to meet at the designated transfer point.
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3.6.1 System parameters

The following equations define boarding, alighting, departure load, and dwell time. It

is assumed that passengers arrive at stop n randomly at a rate of λnr .

bnr = λnr · hr (3.1)

anr = νnr · ln−1
r (3.2)

lnr = λnr · hr − νnr · ln−1
r + ln−1

r = λnr · hr + (1− νnr )ln−1
r (3.3)

dnr = f0 + f1b
n
r · tb + f2a

n
r · ta (3.4)

where f0, f1,and f2 are estimated parameters for the dwell-time function with either

f1 = 0, or f2 = 0 based on the input data used; that is f2 = 0 if the boarding time

is longer than the alighting time, and vice versa for f1 = 0.The passenger boarding

and alighting times are tb and ta.

3.6.2 Holding

The holding problem can be defined as follows: When a vehicle is ready to depart from

a station after its normal loading and unloading process, it may be held for a certain

amount of time in order to regulate undesired schedule deviations. The problem is

to decide which vehicle at a control station at a given time is to be held and for how

long, such that the total passenger waiting time is minimized. The holding tactic will

affect two groups of waiting time: a) in-vehicle waiting time for passengers on board

a vehicle being held at stop n on route r ;b) out-vehicle waiting time for passengers

waiting for the vehicle further along the route.The components of the holding problem

can be written in the following way:

Bn
r = lnr + bnr − anr (3.5)
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To restrict the number of passengers onboard (capacity-based) when the vehicle departs

the stop, the Bn
r < Qmr ax checking constraint is introduced.

For those passengers waiting at stops further along route r and stop n:

Wn
r =

mr∑
j=n+1

[
bjr +

∑
x∈R

(
1− Zjxr

)
pjxr

]
(3.6)

In-vehicle waiting time for passengers; passenger waiting (PW); aboard a vehicle being

held at stop n on route r :

PWn
r(in−vehicle) = HOnr ·Bn

r (3.7)

Out-vehicle waiting time for passengers waiting for the vehicle further along the route:

PWn
r(in−vehicle) = HOnr

{
Wn
r +

∑
x∈R

[(1− Y n
xr) pnxr − pnrx]

}
(3.8)

Thus, the holding tactic for the proposed model is formulated as follows:

∆TPTT (Holding)nr = δ1 · PWn
r(in−vehicle) + δ2 · PWn

r(out−vehicle) (3.9)

where each of the two waiting-time components are weighted by δ1 and δ2.

3.6.3 Skip-stops

In a recent study, Nesheli and Ceder (2014) investigated the formulation and properties

of skip-stop/segment with the change in total passenger travel time. It should be noted

that "skip-stops" include both skipping tactics: an individual tactic and a segments tactic.

That study demonstrated that when a major disruption occurs, holding a vehicle, even if

the only tactic available, cannot guarantee obviating headway variation and schedule

deviations. This is true even with direct transfers because an individual tactic may

result in increased passenger waiting time and lead to missed transfers. According to

the assumptions of the present work, passengers on board a vehicle will be informed
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immediately of this action at the time of the decision so that they can alight before or

after the skipped stops. If the end stop is considered the last stop served before the

skipped stops, and the start-again stop the first stop served after the skipped stops, we

can define two groups of penalty functions to take into account the drawback of the

skip-stops tactic to the passengers’ disadvantaged. In first group, passengers who want

to alight at the skipped stops and at the end-service stop will have extra time to reach

their destination, to be termed "forward time," Γ (forward),formulated as follows:

Γnr(forward) = (ω − 1)
n∑
j=1

cjr

 n∏
j=q

Sjr

 ∀(n, q ∈ N) {1 ≤ q < n} (3.10)

where impacted passengers are from stop q to stop n, and passengers will not ex-

perience vehicle running time.

In second group, passengers alighting at the start-again service stop will need to return

to their destination stop, and their time is termed "backward time," Γ(backward). Thus,

passengers will tolerate additional vehicle running time.

Γnr(backward) = (ω + 1)
mr∑

j=n+1
cjr

 q∏
j=n

Sjr

− n∑
j=1

Sjrd
j
r ∀(n, q ∈ N) {1 ≤ n < q}(3.11)

Equations 3.10 and 3.11 build the "walking time" penalty function:

Ω(t)nr(walking) = min
(
Γnr(forward),Γ

n
r(backward)

)
(3.12)

The alternative to walking is waiting for the next vehicle to bring these passengers to their

destination. The waiting time associated with upstream stops is designated WTnr :

WTnr =
n−1∑
j=kIr

(
Sjrd

j
r −HOjr

)
(3.13)

The "waiting time" penalty function is then determined by the following equation, which

takes into consideration the schedule deviation θIr which is the time difference between

the actual arrival time to a reference stop at segment I on route r and the scheduled
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(planned, appearing in the timetable) arrival time to this stop:

Ω (t)nr(waiting) =
(
hr − θIr +WTnr

)
(3.14)

Thus, the "total time" penalty function is obtained for the proposed model:

Ω (t)nr(total) = min
{

Ω (t)nr(walking) ,Ω (t)nr(waiting)
}

(3.15)

Consequently, the effect of the skip-stops tactic on the change in the total travel time

for route r and stop n is formulated as

∆TPTT (Skip Stops)nr = Snr

[
anrΩ (t)nr(total) + bnrΩ (t)nr(waiting) − d

n
r (lnr +Wn

r )
]
(3.16)

3.6.4 Short-turning

Short-turning is another tactic that can be implemented to decrease the irregularity of

service and increase the number of direct transfers. When a vehicle is short-turned, a

segment of its route is skipped altogether. Unlike the existing literature (Ceder, 1989,

Coor, 1997, Cortés et al., 2011, Fürth, 1987, Ulusoy et al., 2010), which implements

the short-turning tactic in the planning phase, we use a real-time optimized method in

order to assess the potential benefits of this tactic for a network with transfer points.

The aim is to offer better service in the opposite direction when demand is greater

than in the current direction and passengers need to make transfers. In general, the

short-turning tactic may yield large benefits in terms of total cost reductions, whereas

it may produce deadheading trips, hence extra cost of running empty vehicles in some

sections (Cortés et al., 2011). This tactic can be used for improving real-time performance

and responding to unexpected demand; however, it has an adverse effect on on-board

passengers. It should be noted that the formulation of the optimization minimizes the

number of exposed onboard passengers to the short-turning tactic. In other words, if the

number of onboard passengers is large, this tactic will not be implemented.

The real-time short-turning tactic is to decide, at any given time, which stop should

be short-turned and how many stops should be skipped by the short-turn vehicle. It is

assumed that when the short-turn tactic is put into effect, the vehicle has passed the last
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transfer point in the current direction. Short-turning, then, cannot be used if there is any

transfer point downstream. The principal output of the model is the change in total passen-

ger travel time for a system with short-turning. Figure 3.2 illustrates the statements.

The main issue in the short-turning formulation problem relates to addressing the opposite

stop. If we consider the short-turning stop n for current route r, the corresponding

stop in the opposite direction of r + |R| /2 could be (mr − n + 1), where mr is the

total maximum number of stops on route r. The people disadvantaged by short-turning

are those who wanted to alight and those who wanted to board at the stops that are

not served (skipped). The assumption is that those passengers who wanted to alight

must now walk farther to their destination and that this extra distance is on average

the distance between the skipped and the subsequent vehicle stops. The formulation

of this type of passengers is detailed as follows:

Ω (t)nr(waiting) = (ω − 1)
mr∑
j=n

cjr

mr∏
j=n

SHj
r

 (3.17)

The alternative to walking is waiting for the next vehicle to bring these passengers to

their destination. The waiting time associated with upstream stops is designated by

Equation 3.13. The "waiting time" penalty function is then determined by Equation

3.14. Two penalty functions were established: walking time and waiting time, the new

definition of "total time" penalty being the lesser of the two as per Equation 3.15. Those

who gain an advantage by short-turning are passengers who are currently on the opposite

vehicle stop b[mr−n+1]
r+ |R|2

and those who will board the vehicle further along the route:

W
[mr−n+1]
r+ |R|2

=

ϑ
r+ |R|2∑

j=[mr−n+1]+1

[∑
x∈R

(
1− Zj[

x+ |R|2

][
r+ |R|2

]) pj[
x+ |R|2

][
r+ |R|2

]
+b[mr−n+1]

r+ |R|2

]
(3.18)

The time saving for this group is the headway less the amount of time the vehicle is

behind schedule. This saving would be h
r+ |R|2

−θI
r+ |R|2

if no tactics were applied; however,

if tactics were applied at previous stops, the wait is formulated as:

WT
[mr−n+1]
r+ |R|2

= h
r+ |R|2

− θI
r+ |R|2

+
[mr−n+1]−1∑

j=1

(
Sj
r+ |R|2

dj
r+ |R|2

−HOj
r+ |R|2

)
(3.19)
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Based on the above equations, the effect of the short-turning tactic on the change in the

total travel time with respect to route r and stop n can be expressed as follows:

∆TPTT (Short− Turning)nr = SHn
r

[
anrΩ (t)nr(total) + bnrΩ (t)nr(waiting)

−
(
WT

[mr−n+1]
r+ |R|2

×W [mr−n+1]
r+ |R|2

)]
(3.20)

3.6.5 Transfers

Scheduled synchronized transfers so that two or more vehicles can meet at a trans-

fer point can be improved by implementing a library of tactics. Missed transfers

will increase total passenger travel time by the extra waiting time for the next ve-

hicle. The waiting time associated with upstream stops is designated by Equation

3.13.Thus, transfer waiting is described as:

Ω (t)nr(transfer−waiting) =
(
hx − θIr +WTnr

)
(3.21)

It is possible to measure the effect of making or missing synchronized transfers on the

change in total passenger travel time by the definition of direct transfers. Therefore,

a direct transfer occurs if the following holds:

Y n
rx + Y n

xr = 0 (3.22)

Znrx + Znxr = 0 (3.23)

Where a possible transfer Y n
rx (before the implementing of tactics) occurs if the vehicle

departure time on route x comes after the vehicle arrival time on route r, and vice

versa for Y n
xr. The same arguments apply to Znrx and Znxr after utilizing tactics. If the

following conditions hold, direct transfers will be possible, and none of the vehicles

will arrive late at a transfer point:

Anr =
n∑

j=kIr

cjr − EIr (3.24)
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Dn
x =

n∑
j=kIx

cjx − EIr + dnx (3.25)

if Dn
x ≤ Anr , then Y n

rx = 1 ∀ (pnrx + pnxr ≥ 1) (3.26)

The real-time transfer problem is formulated as follows:

∆TPTT (Transfer)nr =
∑
x∈R

[
pnrx

(
Znrx · Ω (t)nr(transfer−waiting) − Y

n
rx

(
hx − θIr

))]
(3.27)

3.6.6 Objective Function

The objective function of the proposed model can be written as

min
∑
r∈R

∑
n∈N

∆TPTT {(LT )nr + (T )nr } (3.28)

3.6.7 Constraints

Snr

[∑
x∈R

(pnrx + pnxr)
]

= 0 (3.29)

SHn
r

[∑
x∈R

(pnrx + pnxr)
]

= 0 (3.30)

Anr −WTnr −Dn
x −HOnx +WTnx ≤M ∗ Znrx ∀ (pnrx + pnxr ≥ 1) ,

M is a large number (3.31)

Anr −WT
[mr−n+1]
r+ |R|2

−Dn
x −HOnx +WT

[mr−n+1]
x+ |R|2

≤M ∗ Znrx ∀ (pnrx + pnxr ≥ 1)(3.32)

HOnr = 0 when
(
n < kIr

)
(3.33)
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Snr = 0 when
(
n < kIr

)
(3.34)

SHn
r = 0 when

(
n < kIr

)
(3.35)

HOnr = 0 when (n > ϑr) (3.36)

Snr = 0 when (n > ϑr) (3.37)

S1
r = 0 (3.38)

Snr ∗HOnr = 0 (3.39)

SHn
r ∗HOnr = 0 (3.40)

Snr ∗ SHn
r = 0 (3.41)

HOnr ≤
1
2hr (3.42)

Znrx ≤ Y n
rx (3.43)

mr∏
j=n+1

SHj
r ≥ SHn

r (3.44)

[mr−n+1]−1∏
j=1

SHj

r+ |R|2
≥ SHn

r ∀
(
r ≤ |R|2

)
(3.45)
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TP trr∑
j=TP tr−1

r

Sjr ≤
∑
tr∈TF

M ∗ Y tr
rx ∀

(
TP trr > TP tr−1

r > kIr

)
(3.46)

TP trr∑
j=kIr

Sjr ≤
∑
tr∈TF

M ∗ Y tr
rx ∀

(
TP trr > kIr > TP tr−1

r

)
(3.47)

TP 1
r∑

j=kIr

Sjr ≤M ∗ Y 1
rŕ ∀

(
TP 1

r > kIr

)
(3.48)

TP trr∑
j=TP tr−1

r

SHj
r ≤

∑
tr∈TF

M ∗ Y tr
rx ∀

(
TP trr > TP tr−1

r > kIr

)
(3.49)

TP trr∑
j=KI

r

SHj
r ≤

∑
tr∈TF

M ∗ Y tr
rx ∀

(
TP trr > kIr > TP tr−1

r

)
(3.50)

TP 1
r∑

j=kIr

SHj
r ≤M ∗ Y 1

rx ∀
(
TP 1

r > kIr

)
(3.51)

TP trr∑
j=TP tr−1

r

Sjr ∗
∏

tr∈TF
Ztrrx < 1 ∀

(
TP trr > TP tr−1

r > kIr

)
(3.52)

TP trr∑
j=KI

r

Sjr ∗
∏

tr∈TF
Ztrrx < 1 ∀

(
TP trr > kIr > TP tr−1

r

)
(3.53)

TP 1
r∑

j=KI
r

Sjr ∗ Z1
rx < 1 ∀

(
TP 1

r > kIr

)
(3.54)

TP trr∑
j=TP tr−1

r

SHj
r ∗

∏
tr∈TF

Ztrrx < 1 ∀
(
TP trr > TP tr−1

r > kIr

)
(3.55)
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TP trr∑
j=KI

r

SHj
r ∗

∏
tr∈TF

Ztrrx < 1 ∀
(
TP trr > kIr > TP tr−1

r

)
(3.56)

TP 1
r∑

j=KI
r

SHj
r ∗ Z1

rx < 1 ∀
(
TP 1

r > kIr

)
(3.57)

Constraints 3.29 and 3.30 ensure that the transfer points cannot be skipped. Constraints

3.31 and 3.32 describe whether or not a direct transfer occurs; it confirms that a direct

transfer will occur only if the conditions stated are satisfied. Constraints 3.33-3.37

guarantee that the tactics cannot be applied to irrelevant stops (e.g., those not visited

or transfer stops already passed by). Constraint 3.38 shows that the first stop may not

be skipped. Constraints 3.39-3.41 ensure that no more than one tactic is implemented

at the same stop. Constraint 3.42 defines the maximum holding time. Constraint 3.43

ensures that if a transfer is planned for a pre-tactics situation, the same must apply to

a post-tactics situation. Constraints 3.44 and 3.45 establish the short-turning tactic in

the proper position for each direction. Constraints 3.46 to 3.51 express the condition

that if a direct transfer is possible without the use of any tactic, there is no need to

interfere, where M is a large number. Constraints 3.52 to 3.57 describe the non-necessity

of tactics if their use does not result in direct transfer.

3.7 Model Optimization

3.7.1 Optimization Framework

The objective function in Equation 3.28 is linear; however, some constraints are non-linear.

The formulation is a combinatorial problem, for which the decision variables are a finite

and discrete set. We developed a hybrid model that uses mixed integer programming

(MIP) and constraint programming (CP) techniques to solve the problem. CP is an

efficient approach to solving and optimizing problems that are too irregular for exact

mathematical optimization because (i) the constraints are nonlinear in nature, (ii) a

non-convex solution space exists with many local-optimal solutions, or (iii) multiple

disjunctions exist resulting in poor returned information by a linear relaxation of the

problem (IBM, 2012).The CP technique makes decisions on variables and values and,
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after each decision, performs a set of logical inferences to reduce the available options

for the remaining variable domains.

In recent years, several studies have showed that an integrated CP and MIP approach

can help to solve optimization problems that were intractable with either of the two

methods alone (Jain and Grossmann, 2001, Timpe, 2002). The CP and MIP paradigms

have strengths and weaknesses that complement each other. CP, through the use of

sophisticated propagation techniques, privileges primal inference. On the other hand, MIP,

through the techniques of relaxation and strengthening by cutting planes that have been

developed for inequality constraints, privileges dual inference (Achterberg et al., 2008).

CP methods rely heavily on the application of specialized filtering methods to global

constraints and, therefore, must know where global constraints appear in the problem.

MIP methods require that inequality constraints appear in the model (Hooker, 2006).

Certainly in order to deal with real-time issues, special attention must be given to the

running time of the algorithm developed. However, because the problem is NP hard, the

proposed method looks to solve it in polynomial time to make it tractable.

3.7.2 Rolling Horizon

Given the real-time, stochastic nature of PT systems, a rolling horizon scheme (a

decentralized method) of the control problem was adopted. This means that each time

the model solves an optimization problem, it considers only the cooperative segments,

which are in the same space horizon that lead to the same transfer point. Such a horizon

is rolled forward, and the decentralized process is repeated for each transfer point t over

the entire system. In general, for each transfer point t ∈ TF

 kIir

kIjx

 ∈ Ii ∩ Ij ∀ (i, j) ∈ Im (3.58)

where kIr as the positional stop on each route defines its "depth" of computation and

can vary at each segment. Figure 3.2 illustrates the statements.
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3.7.3 Efficiency of the optimization process

The mathematical formulation was coded in OPL using ILOG (IBM, 2012) and imple-

mented on an Intel CoreTM i5-2500 CPU 3.30 GHZ and 8.00 GB RAM. The execution

time of the procedure varies from 3-7 seconds for a proposed PT system model with

133 stops per direction as in the Auckland data. Such a small computation time clearly

meets the needs of a real-time control system.

3.8 Simulation

Computation of the system-performance measures requires a simulation model with

a proper database. The model can be developed with the creation of an agent-based

simulation (ABS) for a PT network of routes, operational transit information, and

intermodal shortest-path calculation, all of which are to be combined with the computation

of the performance of the proposed optimization model. Contrary to traditional simulation

methods, ABS uses the activities that create a need for trips (Rieser et al., 2007). An

activity usually starts from home and returns home at the end of a whole day’s activity.

For example, one can have home-work-home as an activity pattern for one day (Rieser,

2004). One or more legs can be defined between two activities. In fact, a leg describes

which transportation mode is used to arrive at the next activity. For a bus system, number

of legs expresses the number of transfer points that are used to go from one activity to the

next. An activity chain consists of a start location ((x, y) ∈ O(coordinationoforigin))

and an end location ((x, y) ∈ D(coordinationofDestination)), plus time information

(duration or start/end time), with an activity assigned. For instance, if a person

wants to use a PT system between home and work, vehicle- boarding time would be

the end-time for the home activity.

3.8.1 Simulation Framework

The simulation model is discrete and not continuous. Multi-Agent Transport Simulations

(Multi-Agent Transportation Simulation, 2014) provides a framework for implement-

ing agent-based simulations; it offers a mechanism for explicitly connecting activity

schedules derived from an activity scheduler with dynamic network models. For a
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simulation of the PT system in MATSim, the following data is required (Multi-Agent

Transportation Simulation, 2014):

• Configuration file: Specifying the parameters of the simulation and settings, such as

scenarios file, events file, strategies file, transit schedules file, vehicles file, population

file and network file.

• Multimodal network: A network of links and nodes representing the road and

infrastructure of the area. Open street map (OSM) data was used as a source of

network attributes.

• Population: A synthetic population of agents, each with attributes and a plan; for

this study, AVL and APC data from a local transport agency was used.

• Transit schedule: The schedules for the entire network, with stop locations, de-

parture times, and routes specified. General transit feed specifications (GTFS)

provided such a public-transit schedule.

• Transit vehicles file: A description of every type of transit vehicles operating in the

PT system, including vehicle specifications, speed, capacity, and length. A local

transport agency was used as a source for demand and fleet size.

To complete the simulation and to address the state of a vehicle for all scenarios, different

events can be defined to describe the possible status of a vehicle at control stops. In

MATSim, events are used to document changes in the state of an object (Multi-Agent

Transportation Simulation, 2014). Information on the time of the event, the "id" of the

agent who caused the event, or the "id" of the link where the event happened could be

included. This information provides the input of the mathematical programming model,

which is solved using a hybrid method solver. The solution will optimize all decision

variables related to future control actions, consisting of holding, skip-stops, and short-

turning for all vehicle trips. This approach is applied in a rolling horizon framework.

3.8.2 Simulation Analysis

Passenger: Each passenger’s trip time is recorded, including time of generation, time

of boarding, and time of alighting. Waiting time, travel time, and door-to-door time

can be calculated from this data.
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Travel time: The travel-time attribute for PT consists of running time, dwell time, and

waiting time. Running time is based on the published PT timetables. Assuming that

the timetables are realistic, the travel time between two adjacent stops is estimated by

averaging the difference between departure and arrival times at these two stops within

a specific time window. In the dwelling process, boarding and alighting take place

at different doors. In the simulation, each passenger contributes the same marginal

time when boarding and when alighting. The total dwell time is then estimated as

the maximum time between these two processes. The optimization model assumes a

deterministic demand in the simulation, with a short headway; passengers arrive randomly

following a Poisson distribution with a mean of λnr at each stop. This distribution is

common in services with headways of less than 12 min. (Jolliffe and Hutchinson, 1975,

Okrent, 1974). With longer headways, passengers consult schedules to reduce their waiting

times and arrive clustered around the departure time. The boarding process follows a

FIFO discipline. Thus, the earliest arriving passenger will be the first to board a vehicle

if there is available capacity, or will have to wait for the next vehicle if unavailable.

3.9 Library of Tactic Frameworks: Combined Tactic-based

Problem (CTP)

We found that a combined policy can be justified in many cases where unbalanced

demand and uncertainty in travel times within and between directions are observed.

When holding is used alone, some vehicles were held much longer than others. Intuitively,

skipping- stops tactics may play a role to supplement holding in such a situation. To

respond to unexpected demand, adding a short-turning tactic is also beneficial. Both

these two stop-skipping tactics will not be used on the same segment of the vehicle

trip, because it is unnecessary and would increase passenger frustration. Hence, it is

reasonable to assume that a vehicle trip can have at most one skipped segment in a

direction, which can be controlled by using one type of control tactic.

What complicates the combined control problem is that a different tactic may be

considered for different vehicle trips and different routes within the same impact set

(rolling horizon length). Based on research of the hybrid model, the development of an

efficient and effective algorithm for this problem becomes quite straightforward. The
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logic of this algorithm is basically a robust real-time framework to find the optimal

combination of tactics for controlling the PT system.

Algorithm for CTP The following CTP-based algorithm generates an optimal

combination of tactics for all policies Φ = ϕ1, ϕ2, · · · , ϕn and different scenarios

Ψ = ψ1, ψ2, · · · , ψn .

Step 0. Initial setting: Running the simulation to generate random input data for the

proposed optimization model.

Step 1. Planned direct transfer (pre-tactics) Y n
rx = 0, schedule deviation θIr ∼= 0, and

initial control action (LT )I,nr = 0.

Step 2. Schedule deviation: θIr 6= 0, if a direct transfer has not occurred Y n
rx = 1; for

each I ∈ Im, compute the objective function:

min
∑
r∈R

∑
I∈Im

∑
n∈N ∆TPTT

{∑
ϕ∈Φ(LT )I,nr,ψi + (T )I,nr,ψi

}
.

Step 3. If in post-tactics a direct transfer occurred Znrx = 0, go to Step 4; otherwise,

change the policy ϕ with a new decision variable and go to Step 2.

Step 4. Verification of the optimum solution by continuing the simulation: If the solution

has an acceptable confidence interval (difference between the results of simulation

and optimization), stop; otherwise, change the policy ϕ with new a decision variable

and go to Step 2.

Based on the CTP algorithm, the value of suggested tactics (VLT ) is determined. VLT

denotes the optimal value of a tactic for each scenario. This optimal solution will

naturally tend to maximize the number of direct transfers and the potential saving in

total passenger travel time. This approach is entitled ’optimization- and simulation-based’

as opposed to the results of the optimization only entitled ’optimization-based’. Figure

3.3 illustrates the general analysis of the CTP framework.

3.10 Case Study

The analysis carried out was based on a case study of Auckland, New Zealand, the

country’s largest and busiest city, whose PT system has been criticized for not being
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Figure 3.3: CTP framework.

efficient (Mees, 2010). More recently, the Auckland Transport Regional Public Transport

Plan (AT, 2013) was created for the purpose of developing an integrated transport

network to provide Aucklanders with a sustainable transport system in a safe, integrated,

and affordable manner. This plan shows the intensive discussion conducted on various

issues relating to PT systems of the future; indeed, a major focus over the next decade

will be the enhancement of the PT system. Thus, there is need to investigate the

performance of Auckland’s PT system. A case study for the Auckland region was based

on AT (Auckland Transport) data, which consisted of the PT network, AT- HOP cards

(Auckland Integrated Fares System), OD pairs, and a PT demand forecast. It is to note

that all buses of the Auckland transport network are equipped with AVL systems. The

AVL data are used to analyze bus travel times and schedule adherence (to implement

holding tactics). This means that real-time information on bus locations can be used to

predict bus arrivals at the transfer points and to determine bus schedule deviations.

The PT network data is based on the AT transit feed dated May16, 2014. Analysis was

carried out on three bus routes and two transfer points. It should be noted that by

considering both directions, there is a total of 8 transfer possibilities. The first route,

known as Northern Express (NEX), has a dedicated lane that runs from the suburbs

to and across the Auckland CBD area; it transports a very large number of passengers

during peak hours. The second route, Route 858, runs north-south (east of the first

route); and the third route, Route 880, is a loop that serves as a feeder route. Observation

shows that peak hours during the morning are 7-9 a.m., and during evening 4-6 p.m. A

higher demand is observed from suburbs to CBD during the morning and the reverse

in the evening. Figure 3.4 illustrates the bus system and study routes.
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Figure 3.4: Auckland, NZ, bus system and study routes.

3.10.1 Scenarios

As summarized in Table 3.1, fourteen scenarios were tested to evaluate and compare

the proposed model under different operational conditions. These scenarios differ in

two dimensions: (i) bus schedule-deviation (event) for different bus states; (ii) service

headways, which can be high frequency services (i.e., short headways), or low frequency

services (i.e., long headways).These scenarios present the combined effect of the major

attributes of a PT service on the model.

3.10.2 Control Strategies (Policy)

We tested and compared four different control policies. The first policy, "No-Tactics,"

was used for comparison purposes. The second was the combination of "Holding and

Skip-Stops". The third was the combination of "Holding and Short-Turning". The last

policy was a combination of the three tactics modeled.
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Table 3.1: List of scenarios

Scenario Event (sec) Headway
1 −100 > θ Short
2 −100 ≤ θ < −55 Short
3 −55 ≤ θ < −20 Short
4 −20 ≤ θ < 20 Short
5 20 ≤ θ < 60 Short
6 60 ≤ θ < 110 Short
7 110 ≤ θ Short
8 −100 > θ Long
9 −100 ≤ θ < −55 Long
10 −55 ≤ θ < −20 Long
11 −20 ≤ θ < 20 Long
12 20 ≤ θ < 60 Long
13 60 ≤ θ < 110 Long
14 110 ≤ θ Long

3.10.3 Simulation Parameters

The marginal burden or disutility of out-of-vehicle waiting time is perceived to be signifi-

cantly more burdensome than in-vehicle travel time (Reed, 1995). Thus, the weighting fac-

tors were set to δ1 = 1 and δ2 = 2 to reflect in-vehicle and out-vehicle waiting times, respec-

tively. Boarding and alighting times per passenger were set at 2.5 and 1.5 seconds, respec-

tively. Vehicle capacity was given as 60 passengers, with 40 seated and 20 standing.

Synchronized timetables: One of the main assumptions for the model was that the

PT network was synchronized (at the planning stage); the objective of the optimization

process was to attain a better synchronization, considering the changes in travel times

that might result from traffic congestion or changes in passenger demand. Hence, the

simulation model was executed with a synchronized timetable (Table 3.2). Table 3.2 also

shows the average number of passengers per simulation on each route.

Transfer points: The matrix of transfer points described the points of planned transfers

along the routes. It should be noted that {r1, r2, r3} address direction 1 and {r4, r5, r6}

refer to direction 2. The transfer matrix is presented in Table 3.3.
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Table 3.2: Route characteristics

Route First Departure Headway (min.) Average number of pas-
sengers

Short Long Short Long
1 6:00 5 15 896 702
2 6:15 10 20 3,384 3,258
3 6:15 5 15 2,754 2,142

Table 3.3: Matrix of transfer points

TF r1 r2 r3 r4 r5 r6
r1 0 0 t1 0 0 t8

r2 0 0 t3 0 0 t6

r3 t1 t3 0 t2 t4 0

r4 0 0 t2 0 0 t7

r5 0 0 t4 0 0 t5

r6 t8 t6 0 t7 t5 0

3.11 Analysis

The performance of the Auckland system was evaluated by means of total passenger

travel time. The events were extracted from the simulation model for 24 hours. For

each trip, the states of the bus with reference to different events at selected control

stops were computed. Based on optimization, the maximum hold time observed in

all scenarios was 186 seconds, subject to the length of headways, and the average

hold time was 41 seconds. Table 3.4 summarizes the main results of the performance

indicators, an analysis of which follows:

Total passenger travel time: The total passenger travel time (travel time and waiting

time) was computed for all passengers completing a trip from origin to destination.

Direct transfers: The CTP algorithm was determined for each scenario so as to

minimize total passenger travel time; this optimal solution will naturally tend to

maximize the number of direct transfers. Direct transfers were analyzed in terms

of the number of transfers.



78
Chapter 3. A Robust, Tactic-Based, Real-Time Framework for Public-Transport

Transfer Synchronization

Table 3.4: Summary of the results

Average Headway Control Policy
Improvement Short Long HO+S HO+SH HO+S+SH
TPTT (%) 3.61 2.37 2.14 2.10 4.73
DT (%) 249.55 182.19 101 103 153
Note: HO = holding; S= skip-stops; SH= short-turning.

Improvement: Different policies were compared in terms of total passenger travel

time and direct transfers.

From the Table 3.4 summary, it is possible to draw an immediate conclusion that applying

the library of selected tactics improved overall system performance. The short headways

yielded the best results, as expected. The results revealed that the CTP process does

improve system performance considerably by the use of different policies in various

scenarios. The combination of all possible tactics leads to the highest improvement in

the objective function of the proposed model. CTP shows significant benefits in relation

to Holding and Skip-Stops and Short-Turning in all scenarios. Interestingly, with this

control policy, not only is the expected total passenger travel time reduced (on average

by 4.73%) in comparison with a no-control policy, but it also outperforms other control

schemes in terms of reliability in meeting vehicles at transfer points. Thus, combination

of all the control tactics leads to an increase in direct transfers of up to 153% on average

for all scenarios. Table 3.5 describes the total passenger travel time and the number of

direct transfers for each scenario with each of the four types of control policies. The

last column of this table presents the percentage improvement of each combined tactic

over the No-Tactics ("None") policy. The results demonstrate the significantly better

performance of the fourth policy, the combination of all tactics, in all scenarios. This

can be observed graphically in Figure 3.5, which illustrates the effect of the model on

total passenger travel time and on number of direct transfers. Generally the results

also show a somewhat superior outcome for the holding and skip-stops policy than for

holding and short-turning, with a 2.14% and 2.10% improvement in total passenger

travel time, respectively. However, Figure 3.5 shows that the holding and short-turning

policy for a larger schedule deviation results in a better performance than the holding

and skip-stops strategy. This indicates that applying such a combination of tactics in
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worse scenarios leads to considerable progress in PT service.

In terms of scenario, Table 3.5 and Figure 3.5 demonstrate greater service enhancement

through a reduction in total passenger travel time in scenarios with short headways (#2

and #3) and long headways (#10 and #12). This suggests that if the deviations are

reasonable, the use of tactics can save travel time and increase the number of direct

transfers drastically. It also indicates that unreliable service owing to long delays cannot

be compensated properly by the use of tactics, since more passengers will have to wait

for the next bus or find alternative solutions (as may be observed in scenarios #1,

#7, #8, and #14). Figure 3.5 shows that when the schedule deviation tends to zero,

as in scenarios #4 and #11, the maximum number of direct transfers, using tactics,

coincides with the minimum system’s fluctuations; this maximum travel time saving

coincides with the maximum number of direct transfers. This finding corroborates the

authors’ previous study (Nesheli and Ceder, 2014).

As the aim of the implementation of tactics was mainly to synchronize the arrival of transit

vehicles at a transfer area, the results show a significant improvement in the number of

direct transfers resulting from the use of control policies. Again, the short-headways

scenarios yielded the best results as expected. It may also be observed from Figure

3.5 that with large schedule-deviation intervals, control policies contribute to a higher

percentage of direct transfers. As Table 3.5 shows, the greatest reductions in the objective

function are achieved in high-frequency scenarios in which buses experience reasonable

schedule deviations; here, time savings may amount to 10.6% more than what is achieved

with the no-control strategy, and direct transfers may improve by as much as 830%.
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Because of the nature of the optimization, not all passengers necessarily experience

a decrease in total travel time. Table 3.5 summarizes the effect of each policy in

terms of passengers’ total travel time.

Reduced time: The reduced time of passengers (in time units or percent)

when using tactics.

Increased time: The time (or percentage) of passengers experienced increased travel

time when using tactics.

The results demonstrate that the increase in passenger travel time is usually less than

1%. This shows the real potential of the model for deployment in real life. Figure 3.6

also shows that higher percentages are attained in scenarios #1, #2, #8, and #14, in

which passengers experience extra waiting time owing to larger schedule deviations. The

worst scenario involves a long headway, scenario #8, in which the schedule deviation is

large and the bus is considerably behind schedule. As expected, the maximum reduced

time is for short headways as in scenarios #2 and #3.

Optimization type: Global and local optimizations were compared in terms of total

passenger travel time saved. Figure 3.7 depicts the gap between the global and sub-

optimal solutions for the last control policy. Minimum gaps are attained for scenarios

characterized by a small schedule deviation, for scenarios #4, #5, #10, and #11 in

Figure 3.7.That is, the maximum number of direct transfers, using tactics, coincides

with the minimum system’s fluctuations.

3.12 Conclusions

It is a common phenomenon that synchronized transfers of PT networks do not always

materialize, because of uncertain and unexpected factors, such as traffic disturbances

and disruptions, unexpected demand, and inaccurate driver actions. As a result, missed

transfers not only frustrate existing passengers, they will also cause the loss of potential

new users (Ceder et al., 2013a). In order to implement measures that will effectively

encourage the use of routes with transfers, it is essential to develop operational tactics

and strategies for minimizing passenger travel time and for approaching the ideal of

direct transfers without waiting. Such a condition will undoubtedly make PT service
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Figure 3.5: Total passenger travel time saved, and number of direct transfers per
scenario

more attractive. In this study, besides the improvement of the reliability of the PT

system through seamless transfers, the effect of each tactic on system performance was

investigated. System reliability is represented by schedule deviation, which was calculated

at control stops across all bus trips. Lower schedule deviation results in lower passenger

waiting times and indicates greater system reliability. System efficiency is represented

by the effect of different tactics on each bus trip for different events.

In this paper, we presented original mathematical programming formulations for three

real-time control strategies, or policies: holding, skip-stops, and short-turning. This is the



86
Chapter 3. A Robust, Tactic-Based, Real-Time Framework for Public-Transport

Transfer Synchronization

Figure 3.6: Reduced and increased total passenger travel time per scenario

Figure 3.7: Total passenger travel time saved per scenario.
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first time that short-turning has been applied in real-time control action. Short-turning

will help bring about better service in the opposite direction if demand there is more

than in the current direction and passengers need to make a transfer. Passenger’s extra

waiting time will be decreased by this tactic. Furthermore, by adding it to the library

of tactics, we can decrease the number of vehicles needed to provide a given frequency

(Ceder, 1989). This tendency is welcome because it brings at one and the same time more

benefits and less frustration to passengers, especially on high-frequency services.

The proposed model was evaluated in a stochastic simulation environment under different

schedule-deviation conditions (events) that could highlight when control policies improve

the system’s performance. An agent-based simulation framework was built to represent

a real-life example and to generate random input data for the proposed optimization

model. Based on the formulations for optimization and the simulation framework,

we developed an efficient algorithm for combining all control actions selected. The

algorithm (CTP) is basically a robust, real-time framework for finding the optimal

combination of tactics to control the PT system. This work examined four polices-"No-

Tactics", "Holding and Skip-Stops", "Holding and Shot-Turning", and a combination

of the three possible operational tactics in fourteen scenarios. These scenarios covered

a wide range of schedule deviations as events.

The computational results demonstrate that the effectiveness of combined tactics is

higher than that of any binary type of control. Based on the proposed framework, both

the uncertainty of the PT service at transfer points and total passenger travel time were

reduced by increasing the number of direct transfers. This result has a huge effect on

the comfort of the ride and ease of transfer, as passengers spend less time waiting at

a bus stop and experience smoother multi-legged rides.

CTP shows significant benefits in relation to the Holding & Skip-Stops & Short-Turning

tactics in all scenarios. Interestingly, not only is the expected total passenger travel

time reduced (on average by 4.73%) by this control policy compared with a no-control

policy, but it also outperforms other control schemes in terms of reliability in meeting

vehicles at transfer points. Thus, combining all control tactics leads to an increase

in direct transfer of up to 153% on average for all scenarios. In addition, the results

demonstrate that (i) the short headways yield the best results, compared with long

headways; (ii) a considerable reduction in total travel time is attained in scenarios
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having no large schedule deviations; (iii) a Holding and Short-turning policy in a

larger schedule-deviation scenario exhibits better performance than does a Holding and

Skip-Stops policy; (iv) the increase in passenger travel time stemming from the use

of operational tactics is usually less than 1%.

Future research, on which the authors have already been working, includes validation of

some of the assumptions made, new control measures to develop the library of operational

tactics especially with the advancement of communication technologies, the utilization of

sensitivity analysis of different tactics, the introduction of a decision-support tool to pro-

vide information before implementing any control actions (controlling demand side), and

weighting the quality of transfers in an optimization model for different transfer types.

The next chapter introduces a new PT performance index and deterioration and im-

provement patterns to improve the reliability of PT in real-time.
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(Nesheli and Ceder, 2015a)

4.1 Abstract

Service reliability of public transportation (PT) systems is a dominant ingredient in

what is perceived as the PT image. Unreliable service increases the uncertainties of

simultaneous arrivals of vehicles at a transfer point. Implementing proper control actions

leads to preventing missed transfers, one of the undesirable features of PT service and

a major contributor to a negative image. The present work focuses on performance

measurements of a PT system offering direct transfers on multi-legged trips. The method

developed evaluates and improves system performance by applying selected operational

tactics in real-time scenarios. In order to investigate the efficiency level of the PT

system, five types of vehicle positional situations with reference to a transfer point are

considered: considerably ahead of schedule, ahead of schedule, on schedule, behind

schedule, and considerably behind schedule. Each situation contributes differently to

89



90
Chapter 4. Improved Reliability of Public Transportation Using Real-Time Transfer

Synchronization

the degree of system performance. The optimization framework developed results in

selected operational tactics to attain the maximum number of direct (without waiting)

transfers and minimize total passenger travel time. The implementation of the concept is

performed in two steps: optimization and simulation. The optimization process searches

for the best operational tactics, using the states of the five vehicle-position types, and the

simulation serves to validate the optimal results under a stochastic framework using the

concept of a multi-agent system. A case study of Auckland, New Zealand, is described

for assessing the methodology developed. Results showed a 58% improvement in the

system performance index compared to no-tactic operations.

4.2 Introduction

A public transportation (PT) system has two major phases: planning and operation.

The first phase aims at designing routes; time tables, synchronized transfers, and timed

transfers that improve the planned transfers on the basis of a priori data (Ceder, 2007,

2015). Synchronized transfer studies are described by Wirasinghe and Liu (1995) and

Ceder and Tal (2001), and the timed-transfer concept is described by Maxwell (1999).

The second phase aims at improving PT service reliability using real-time data. Therefore,

the question arises as to whether remedies exist to service reliability problems and, if

so, whether they are implementable and comprehensive. The present research assumes

that planned transfers exist (as part of the first phase); however, with a continuous

flow of real-time data, there is need to select tactics that will attain the minimum

discrepancy between planning and operations.

Generally speaking, PT agencies have adopted a common tactic of developing an inte-

grated, effective multi-modal transport system in order to provide travelers with a reliable

alternative to private cars. An important step in the development of an integrated system

is for policy-makers and transit operators to facilitate routes with "seamless" transfers.

Therefore, in order to retain existing users and attract new passengers, the main idea in

the development of an integrated PT system is to improve the serviceability of routes

with transfers. Ceder (2007, 2015) shows that an attractive, advanced PT system that

operates reliably and relatively rapidly, with smooth (ease of) synchronized transfers,

constitutes part of the door-to-door passenger chain. Levinson (2005) demonstrates

that reliable transit service is essential to attracting and retaining riders, principally in
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modern societies, which make available many transportation options. Balcombe et al.

(2004), in a practical UK transit guide, report that in passengers’ perception, the service

reliability of local bus services is considered twice as important as frequency.

Because of the fact that most public transit attributes (travel time, dwell time, demand,

etc.) are stochastic, the passenger is likely to experience unplanned waiting and trip

times. Vincent (2008) shows that transit passengers perceive unexpected waiting time

to be 3 to 5 times as burdensome as in-vehicle time.

In regard to transfer reliability, one efficient approach to alleviate the uncertainty of the

simultaneous arrival of vehicles to a transfer point and to correct schedule deviations is

to use selected operational tactics, such as holding, skip-stop, and short-turn. Studies

(Ceder et al., 2013b, Hadas and Ceder, 2010a, Nesheli and Ceder, 2014) show that

by applying some operational tactics, the number of direct (simultaneous) transfers

can be increased significantly and total passenger travel time reduced. This study

utilizes a different perspective and modeling of optimal combination of PT operational

tactics than Nesheli and Ceder (2014).

In an inclusive analytical investigation of vehicle holding strategy, Hickman (2001)

presents a stochastic holding model at a given control station. A follow-up study by

Sun and Hickman (2005) investigates the possibility of implementing in real-time a

stop-skip policy for controlling operations. In regard to new technologies, Dessouky et al.

(2003) examine simulated systems employing holding and dispatching strategies. They

also examine the dependence of system performance on new technologies by combining

advanced PT systems with the use of an intelligent transportation system (ITS), such as

AVL, APC, and wireless communication, to accurately forecast estimated bus arrival

times and to coordinate transfers by means of bus-holding strategies. Daganzo (2009),

in studying strategies to increase the efficiency of a high-frequency PT route, followed

Daganzo and Pilachowski (2011) who show that bus bunching is almost inevitable without

intervention, regardless of the drivers’ or the passengers’ behavior.

The recent study by Ji and Zhang (2013) also proposes a robust dynamic control strategy

to regulate bus headways and to prevent buses from bunching by holding them at bus

stops. They develop a controlling method to produce better system reliability than

do some of the existing control strategies. Finally, Muñoz et al. (2013) investigate



92
Chapter 4. Improved Reliability of Public Transportation Using Real-Time Transfer

Synchronization

dynamic control strategies for PT operation with real-time headway-based control. They

compare different approaches with different scenarios.

To date, the main drawback of possible real-time control actions is the lack of prudent

modelling and software that can activate these actions, whether by automatic, semi-

automatic or manual mode. Such a system can be employed in a PT-control center

to allow for the best exploitation of real-time information. Thus, there is need to

assess and improve service reliability by presenting a proper performance indicator

that quantifies the level of system efficiency. This study introduces a new indicator:

the average additional travel time per passenger; it is the average extra time required

for passengers to travel from origin to destination because of service unreliable and

inefficient service. For the analysis performed a model is developed to calculate the

effect of real-time operational tactics on passenger travel time. One of the outstanding

aspects of this study is using agent-based modeling for simulation in order to incorporate

more prudent condition of real-life scenarios.

In this work, Section 4.3 describes the PT service’s reliability characteristics. This section

comprises three main parts (i) definition of real-time situation type, (ii) determination of

optimal control actions required for operational tactics, and (iii) agent-based modeling

for simulation. Section 4.4 constructs a model for system performance indicator. Firstly

the properties of a PT system are introduced. A knowledge of system’s properties linked

to a stochastic environment is required to investigate precisely the process of system

deterioration. Afterward, the system performance indicator model is developed. Section

4.5 analyses the methodology. Section 4.6 describes a case study in Auckland, New

Zealand. Section 4.7 discusses the findings and results including a sensitivity analysis.

Lastly, Section 4.8 summarizes the finding and conclusions.

Objective: The objective of this work is to develop a system reliability model to measure

and improve the reliability of PT service performance in real-time. This study investigates

how to utilize the optimal combination of operational tactics for controlling the PT

system. Thus, the main objective of the research is quantifying the level of system

efficiency by presenting a proper performance indicator. The state of vehicles affects

the PT system insofar as missing or making a direct transfer and reducing the total

passenger travel time. Therefore, the first step was to categorize the state of vehicles

at their possible locations before the transfer point. The second step was to evaluate
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the implementation of the selected tactics of the PT system in real-time and to develop

performance indicators. Such performance indicators also reflect the influence of each

control action on the quality of service.

4.3 Public Transport Service-Reliability Character-

istics

The more easy, comfortable, and synchronized transfers are, the more attractive a

PT system is. For any PT system, as with other systems, reliability can be defined

as the probability that a transport service will perform a required function under

given environmental and operational conditions for a stated period of time (Iida and

Wakabayashi, 1989). To evaluate the impact of a PT system on the passengers’ attitude

and to present a control method to enhance service reliability, a system-performance

indicator should be defined. Generally the analysis can be carried out in four phases:

(i) real-time vehicle situation type classification, (ii) optimal tactics derivation, (iii) agent

based-modeling for simulation, and (iv) calculation of system-performance indicators. It

is worth mentioning that the developed agent-based modeling depicts a more realistic

environment than a previous work done by Nesheli and Ceder (2014).

4.3.1 Real-time Situation Types-states

Since buses move in a network, a bus may be placed in a particular location on a route.

The notion of reference stops is introduced to determine deviations from scheduled

arrivals at the transfer points, thus enabling an investigation of schedule deviations at

stops located before, as well at a transfer point. Consequently, the suggested tactics

can be applied to compensate for schedule deviations. For example, when a bus on

route r1 arrives at a reference stop, the bus on route r2 could be at one of many

different locations. Information about the buses in each case will serve as input for

the optimization model. An optimal tactic-related scenario will be suggested for each

case of schedule-deviation so as to minimize total passenger travel time; this optimal

solution will tend naturally to maximize the number of direct transfers. In order to

cope with the dynamic, stochastic and uncertain nature of the PT system, it is possible

to categorize schedule deviations into five states.
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State 1: Being considerably ahead of schedule: Because of external interruptions or

uncertainties, a vehicle may sometimes move ahead of its expected schedule time. If

this happens, passengers may miss their vehicle either at the stop or at a transfer point

and, therefore, have to wait for a complete headway. Some control strategies, such as

holding or changes in speed, can be employed to reduce situations of unreliable service.

However, as is shown by the optimization and simulation results, no control action is

applicable when the schedule deviation is large.

State 2: Ahead of schedule: If the deviations are reasonable, and not like those of State

1, the use of tactics can save travel time and increase the number of direct transfers. In

this state, a holding strategy or changes in speed can improve service reliability.

State 3: On schedule: Schedule adherence is shown continuously, and no control strategy

for this state is required. To maximize the number of simultaneous arrivals of PT vehicles

at transfer points, planning tools involving maximal synchronized timetable (MST)

were introduced (Ceder and Tal, 2001, Domschke, 1989). Synchronized PT transfers

are used to increase PT network connectivity, reduce passenger-transfer waiting times

and improve PT service reliability.

State 4: Behind schedule: If vehicles drive behind schedule, the in-vehicle passenger

travel time will increase, which may result in missed transfers, one of the undesirable

features of PT service. Like "ahead of schedule", when vehicles move into this type of

unstable system, they invariably become irregular and finally lead to bunching. If it is not

too late, some control actions can be used to remedy the service. Skip-stops, short-cut and

changes in speed (but not above the legal speed limit) are tactics that can be implemented

to decrease the irregularity of the service and increase the number of direct transfers.

State 5: Being considerably behind schedule: The results of this research show that if

a vehicle is too late, then operational tactics may not prove beneficial as the system

might remain unreliable. This irregularity will eventually lead to a bunching phenomenon

known to be a major cause of unreliable service. Unreliable service for long delays

cannot be compensated by the use of tactics, and passengers will have to wait for the

next bus or find alternative solutions.
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4.3.2 Optimal Tactics

As explained in the previous section, one method of repairing the PT system in the

operational phase is to implement tactics and strategies in real-time. Nesheli and Ceder

(2014) introduced an optimization method that presents an optimal combination of

tactics to reduce the uncertainty of the PT system. Such a method can be used when a

PT system is operating in the deterioration mode. Therefore, a library of tactics can

be constructed and applied in order to bring about system improvement. The following

section provides the formulation of the problem.

4.3.2.1 Notation

Sets:

N Set of all stops, in which n ∈ N

R Set of all routes in which r 6= x ∈ R

TF Set of all transfer points, in which tr ∈ TF

State Variables:

Qmaxr Passenger capacity of vehicle of route r

ln,r Passengers’ load of route r at stop n

bn,r The number of boarding passengers of route r at stop n

an,r The number of alighting passengers of route r at stop n

pn,rx The number of transferring passengers of route r to route x at stop n

dn,r Vehicle dwell time of route r at stop n (in seconds)

Hr Vehicle headway of route r

mr Maximum total number of stops of route r

TPr Transfer stop of route r

Tr Vehicle schedule deviation of route r
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Ωn,r Time penalty function of route r at stop n

kr Positional stop for a snapshot on route r

Decision Variables:

HOn,r Vehicle holding time of route r at stop n

Sn,r Vehicle skipping stop of route r at stop n; if stop skipped= 1, otherwise= 0

Yn,rx Possible transferring from route r to route x at transfer stop n, pre-tactics; if a

possible transfer occurs= 0, otherwise= 1

Zn,rx Possible transferring from route r to route x at transfer stop n, post-tactics; if a

possible transfer occurs= 0, otherwise= 1.

4.3.2.2 Assumptions

It is assumed that the vehicles are operated in FIFO manner, with an evenly scheduled

headway per route. Route information, including travel times between stops, estimation

of passenger arrival rates at each stop and average number of transferring passengers are

assumed known and fixed over the period concerned. It is also assumed that passengers

onboard a vehicle will be informed of any action at the time of the decision so that they

can choose to alight before or after the action. It is to note that for the skip-stop tactic the

formulation of optimization minimizes the number of passengers who chose to alight; in

most cases tested it is nil. Stops where passengers want to transfer cannot be skipped.

4.3.2.3 Optimization Problem Formulation

The problem is formulated as a mixed-integer programming (MIP). The standard op-

timization software, ILOG (IBM, 2012), is used to solve optimally the value of each

decision variables. We utilized constraint programming (CP) engine to solve the problem

efficiently. CP is an efficient approach to solving and optimizing irregular problems, e.g.,

with nonlinear constraints, for exact mathematical optimization (IBM, 2012).
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(a) Holding

The effect of holding tactic on the change in total passenger travel time with respect

to route r and stop n is:

∆TPTTHoldingn,r = HOn,r

[
ln,r + bn,r − an,r +

mr∑
i=n+1

(
bi,r

+
∑

x∈R,x 6=r
(1− Zi,xr) pi,xr

)
+

∑
x∈R,x 6=r

((1− Yn,xr) pn,xr − pn,rx)
] (4.1)

with the checking constraint: ln,r + bn,r − an,r < Qmaxr for restricting the number of

passengers onboard (capacity-based) once the vehicle departs the stop.

(b) Skip-Stops

Skip-stops encompasses both skip-stop and skip-segment tactics. Consequently the

effect of the skip-stops tactic on the change of the total travel time for route r and

stop n is:

∆TPTTSkip−stopsn,r = Sn,r

[
an,rΩn,r + bn,r(Hr − Tr)

− dn,r(ln,r +
mr∑

i=n+1
(bi,r +

∑
x∈R,x 6=r

(1− Zi,xr) pi,xr))
] (4.2)

where Ωn,r, defines the penalty function to take into account the drawback of the

skip-stops tactic to the passengers’ disadvantaged. That is, the penalty function

is determined by the additional walking or waiting times incurred because of the

skipped stops.

(c) Transfers

It is possible to measure the effect of making or missing synchronized transfers

on the change in total passenger travel time by the definition of direct transfers.

Therefore, a direct transfer occurs if the following holds:

Yn,rx + Yn,xr = 0 (4.3)

Zn,rx + Zn,xr = 0 (4.4)

The binary variables Y and Z are used to determine whether or not a direct transfer

is made before and after implementation of tactics, respectively. The term "direct
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transfer" means a synchronized transfer of vehicles of routes r and x without a

wait. The real-time transfer problem is formulated as follows:

∆TPTTTransfern,r =
∑
x∈R

[pn,rx(Zn,rx − Yn,rx)(Hx − Tr)] (4.5)

(d) Objective Function

The objective function of the proposed model can be written as:

min
∑
n∈N

∑
r∈R

[∆TPTTHoldingn,r +∆TPTTSkip−Stopsn,r +∆TPTTTransfersn,r ] (4.6)

(e) Constraints

Sn,r

[ ∑
x∈R

(
pn,rx + pn,xr

)]
= 0 (4.7)

HOn,r = 0 if (n < kr) (4.8)

Sn,r = 0 if (n < kr) (4.9)

S1,r = 0 (4.10)

HOn,r ≤M(1− Sn,r) , and HOn,r ≥ 0 (4.11)

HOn,r ≤ (1/2)Hr (4.12)

Zn,rx ≤ Yn,rx (4.13)
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TPtr,r∑
i=TPtr−1,r

Si,r ≤M
∑
tr∈TF

Ytr,rx ∀ (TPtr,r > TPtr−1,r > kr) (4.14)

TPtr,r∑
i=kr

Si,r ≤M
∑
tr∈TF

Ytr,rx ∀ (TPtr,r > kr > TPtr−1,r) (4.15)

TP1,r∑
i=kr

Si,r ≤M × Y1,rx ∀ (TP1,r > kr) (4.16)

TPtr,r∑
i=TPtr−1,r

Si,r ≤M
(
Im−

∑
tr∈TF

Ztr,rx

)
∀ (TPtr,r > TPtr−1,r > kr) (4.17)

TPtr,r∑
i=kr

Si,r ≤M
(
Im−

∑
tr∈TF

Ztr,rx

)
∀ (TPtr,r > kr > TPtr−1,r) (4.18)

TP1,r∑
i=kr

Si,r ≤M
(

1− Z1,rx

)
∀ (TP1,r > kr) (4.19)

Constraint 4.7 guarantees that the transfer points cannot be skipped. Constraints

4.8 and 4.9 express that tactics can’t be applied on stops that a vehicle is not

going to or are already passed. Constraint 4.10 ensures that it is not allowed

to skip the first stop. Constraints 4.11 and shows that no skipping and holding

at the same stop are allowed; with M being a large number. Constraint 4.12

states the maximum holding time is not more than half the headway of the route.

Constraint 4.13 defines that if a transfer occurs at pre-tactics situation the same

apply to with-tactics situation. Constraints 4.14, 4.15, and4.16 describe that if

direct transferring is possible without the use of any tactic, there is no need to

interfere, with M being a large number. Constraints 4.17, 4.18, and 4.19 express

that if the use of tactics does not result in a transfer, no tactics are applied, with

M being a large number and Im stands for the size of Ztr,rx.
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4.3.3 Agent-based Modelling

Computation of the system-performance measures requires constructing a simulation

model with a proper database. The model can be developed with the creation of an

agent-based simulation (ABS) for a PT network of routes, operational transit information,

and inter-modal shortest-path calculation, all of which are to be combined with the

computation of the performance-indicator measures. ABS is a modern approach in

transport modelling. To show the transfer event one or more legs can be defined between

origin-destination. In fact, the number of legs describes which transportation modes are

used to arrive at the destination. For a bus system, the number of legs minus one expresses

how many transfer points are used to go from one (starting) point to another.

The following section provides more information on the system’s characteristics and

on the use of real-time PT control concept.

4.4 System Performance Indicator Model

In order to construct a system performance-indicator (SPI) model it is required to

investigate precisely the process of system deterioration. Following are system def-

initions and properties for deterioration and improvement patterns prior to the de-

scription of the SPI model.

4.4.1 System Definition and Properties

Consider a system having n components and M states. Let xi(t) denote a particular

component state (e.g., the state of failure relative to a performance criterion) at time

t; xi(t) ∈ [1, 2, · · · ,mi], i = 1, · · · , n denote vectors of the component states, such that

mi = the event in which component i is found in its mth state. If the structure function

of the system is denoted by f(x, t), the status of the efficiency of this system at some

specified time t is given by f(x, t) = µ, where µ ∈ [1, 2, · · · ,M ]. The relationship between

the components and the system at time t can then be expressed as follows:

f(x, t) : S → s (4.20)
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where S = [1, 2, · · · ,M ] is the set of all possible states of the system; and s is the

components’ state space, which is the set of all their possible states.

Generally speaking, any state of the working efficiency of a system can be writ-

ten as follows:

Sµ = {x|f(x) = µ} , ∀µ ∈ (1, 2, · · · ,M) (4.21)

Therefore, all combinations of component states when the system is in the state of

µ may be described as:

Ssystem =
M⋃
µ=1

Sµ (4.22)

4.4.1.1 State Description

The range of each state can be decided by reliability engineering, based on the condition of

the system and the user’s preferences (Misra, 2008). Let ϑ be the substitute characteristic

for the status of the component, and ϑ1 the best value or ideal for ϑ. Therefore, the

state of the component can be expressed as:



1 if ϑ1 ≤ ϑ ≤ ϑ2

1 if ϑ2 ≤ ϑ ≤ ϑ3

...
...

M if ϑ ≥ ϑM .

(4.23)

Figure 4.1 shows the range of states that can define the boundary for the system. The

function of the system can be evaluated from the definition of the boundary.

4.4.1.2 System Reliability Deterioration and Improvement Pattern

A system operating for some time gradually deteriorates and functions at intermediate

states between performing perfectly and total failure (Boedigheimer et al., 1994). The
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Figure 4.1: States description.

Figure 4.2: System deterioration and repair.

deterioration process can be modelled using multiple states of operation for M different

states. Let Is be the ideal state of the system, in which a system is functioning perfectly.

Consequently, F (x), the function of the system at time t, could be at differing levels of

working efficiency. The value of F (x), therefore, defines the measure of reliability and

can be used to assess the system at a particular time. In order to maintain the system at

an acceptable level of functionality, an intervention method can be used. This acceptable

level is between the failure and perfect states of operation. An intervention method deals

with a repair rate for the recovery of a system. To illustrate a comprehensive process a

system deterioration rate γ(i,j) can be defined, where i, j ∈ [1, 2, · · · ,M ] represents the

states of the system. In contrast, β(i,j) represents the recovery of the system between

states i and j. Figure4.2 depicts such a system status. Certain tactics and strategies can

be used to determine the acceptable level of system reliability to the user’s satisfaction.

Figure 4.2 shows that when the state of the efficiency is on the low curve, the red zone,

the system is functioning with poor efficiency. Conversely, when the system is working at

higher efficiency, the "its state" stands on the top curve, the blue zone. In addition, the

figure illustrates when the system should be repaired, blue curve suggesting how much of
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Table 4.1: State of vehicle with possible tactics

State Possible Tactics and Strategies α

1 No control applicable +1.5
2 Holding, change speed +1
3 Regular service–do nothing 0
4 Skip-stop, short-cut, change speed

(not above the legal speed limit) −1
5 No control applicable −1.5

the recovery method is effective to move the system to an ideal state.

Once system’s deterioration pattern is detected it is useful to define user’s satisfaction,

over time, with the system’s recovery process. In order to measure the user’s total

experience with the system, utility or disutility function can be used. If U(F (x)) is the

disutility function of the system for all conditions (with or without interventions), it

is then possible to compute the expected total disutility of the user’s experience with

the system during a specific period of time.

4.4.2 System Performance-indicator (SPI) Model

Quality of service is an essential consideration for making a decision about any intervention

(Misra, 2008). The service quality can reasonably be assumed to change with the state

of vehicles and the type of tactics received. To evaluate the effect of each tactic on

the system, a disutility function is defined. The disutility function can be used as a

measurement of user satisfaction (Misra, 2008). The total disutility function can be

defined, then, as the sum of the related state disutilities with an additional term of a

state specific constant α. Table 4.1, describes the parameter of α for different situation

types (states) and possible tactics. It should be noted that a plus sign indicates that the

bus is running ahead of schedule, and a minus sign that it is running behind schedule.

The schedule-adherence measure is given as zero.

Let α be the bus-situation index (|α| = 1 for a schedule deviation that can be compensated

for with the optimal suggested tactic). Also, let δ, a non-negative integer, be the leg-

number index that describes any trip changes between origin-destination. For example,

when δ = 1, this means that a passenger has a single-legged trip with no transferring;
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for δ > 1, however, the passenger should have at least one transfer. The following

system-performance indicators (SPI) may then be constructed:

SPIi,j,k = Γi,j,k
∑
δ

Utotal(Sri,j,k,δ , [||α|+ uF |] ·Hri,j,k,δ+1) (4.24)

SPI =
∑
i

∑
j

∑
k

SPIi,j,k (4.25)

where Γi,j,k = TPTTi,j,k
TPTTsystem

and TPTTi,j,k is the total travel time for passengers on trip k

when traveling between origin i and destination j. Let Sri,j,k,δ denote a particular system

state of interest (e.g., the vehicle situation state relative to a prescribed performance

criterion). The disutility function of each trip can be achieved by the definition of different

functions. For the disutility function of uF , the following function can be considered:

uF =
n⋃
f=1

uf ∀f ∈ (1, 2, · · · , n) (4.26)

For this study, uF is defined according to the three following components:

(i). u1= Passengers’ extra time from implementing the suggested tactics with reference

to scheduled travel time.

(ii). u2= Passengers’ saving time from implementing the suggested tactics with reference

to scheduled travel time.

(iii). u3= Passengers’ transferring time (if direct transferring occurred, it is considered

zero).

Finally, computing the total disutility function for any system event is possi-

ble; where Utotal(Sri,j,k,δ , [||α| + uF |] · Hri,j,k,δ+1) = disutility function, with state

and headway as parameters.

The SPI aims at measuring the level of service; as a performance indicator, it takes

into account the use of tactics weighted by passenger travel time and the headway. The

rationale behind the performance indicator stems from the fact that the headway has

a major impact on the level of service and at the same time is comparably easier to

change. Hence, the higher the SPI value, the lower is the performance of the PT system,

with SPI = 0 represents a perfect system performance.
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Table 4.2: Disutility function for related tactic

Tactic u1 u2 u3
Skip-Stops Extra time for passen-

gers that wanted to
alight and those wanted
to board

Saves dwell time, increases the
direct transferring

The encounter probability, if
the passengers miss the direct
transfer they will tolerate ex-
tra time for transferring

Holding Increases the in vehicle
travel time

Reduces headway variation ,
maintains the schedule and in-
creases the direct transferring

The performance of the system is evaluated according to metrics representing system

reliability and efficiency. System reliability is represented by schedule deviation, which

is calculated across all bus trips at the reference stops. A lower schedule deviation

results in lower passenger waiting times, indicating greater system reliability. System

efficiency is represented by the effect of using different tactics on passengers per bus trip

for different events. Although the library of tactics can be employed to improve on-time

performance (scheduled-based), eliminating bunching (headway-based) and responding

to unexpected demand (entire system), it has an adverse effect on some passengers.

For example, a longer holding time leads to a longer bus trip for on-board passengers,

and thus higher passenger travel times. A lower schedule variance and shorter holding

times indicate better control performance. A summary of the attributes of the disutility

function for a related tactic is presented in the Table 4.2.

4.5 Analysis of the Methodology

4.5.1 Simulation Environment

In order to analyze the performance-indicator method presented, an agent- based

simulation method was developed. Multi-Agent Transport Simulations (MATSim)

(Multi-Agent Transportation Simulation, 2014), provides a framework for implement-

ing agent-based simulations. For a simulation of the PT system in MATSim, the

following data is required:

(i). Configuration file: Specifying the parameters of the simulation.
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Figure 4.3: An agent-based simulation modelling framework.

(ii). Multimodal network: A network of links and nodes representing the road and

infrastructure of the area.

(iii). Population: A synthetic population of agents, each with attributes and a plan; for

this study APC data was used.

(iv). Transit schedule: The transit schedules of the entire network, with stop locations,

departure times and routes specified.

(v). Transit vehicles file: A description of every type of transit vehicles operating in the

PT system, including vehicle specifications, speed, capacity and length.

The model uses three sources of information: 1) General Transit Feed Specifications

(GTFS) as a source for a public-transit schedule; 2) Open Street Map (OSM) data as a

source of network attributes; and 3) local-transport agency as a source for demand and

fleet size. Figure 4.3 illustrates the general structure of the simulation model.



4.5. Analysis of the Methodology 107

Figure 4.4: Time-State diagram at the control stop, with next-stop strategies up to
the transfer point.

4.5.2 Simulation Analysis

4.5.2.1 Events and States

To complete the simulation and address the state of a bus at different situation, an event

was outlined as were the control strategies to repair the uncertainty problem. Figure 4.4

illustrates a range of different event determined by the simulation runs. These events

feature the control strategies (selected operational tactics) described in Section 4.4. For

all events, different states can be defined to describe the possible status of a vehicle at

control stops. In MATSim, events are used to document changes in the state of an object.

When the event occurred, information of the time of the event, the "id" of the agent

who caused the event or the id of the link where the event happened could be included.

Figure 4.4 also demonstrates the boundary of each state; it shows when the range of

each state changes. This range can be determined by the optimization model. It should

be noted that time is schedule time (i.e. when a bus reaches (−2), it means 2 minutes

ahead of schedule; t = 0 means schedule adherence). A vehicle in State 2 or 4 can be

in State 3 straight after receiving the related intervention (tactics).

4.5.2.2 Travel Time

The travel time attribute for PT consists of running time, dwell time and waiting

time. Running time is based on the published transit timetables. Assuming that the

timetables are realistic, the travel time between two adjacent stops is estimated by
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Figure 4.5: General analysis framework.

averaging the difference between departure and arrival times at the two stops within

a specific time window. In the dwelling process, boarding and alighting take place at

different doors. Boarding and alighting times per passenger were set at 2.5 and 1.5

seconds, respectively. The total dwell time is then estimated as the maximum time

between these two processes. For short headways passengers arrive randomly following a

Poisson distribution at each stop. This distribution is commonly used in PT services

with headways of less than 12min (Jolliffe and Hutchinson, 1975, Okrent, 1974). For

longer headways, passengers tend to consult the schedules to avoid unnecessary waiting

time. The boarding process follows a FIFO discipline.

4.5.3 Framework of Analysis

To implement the suggested tactics, the first step of simulation run was recorded on the

event file without any tactics. The evaluation of this step included the number of direct

transfers and deviations from the bus schedule at different locations. Consequently, the

suggested tactics can be applied to compensate for schedule deviations. The information

on the buses in each state provided input for the optimization model (as part of the

second step). Based on the optimization output, the boundary of each state and the

value of suggested tactics (VLT ) are determined. The VLT denotes the optimal value

of a tactic for each event. This optimal solution will naturally tend to maximize the

number of direct transfers and the potential saving of total passenger travel time. Lastly,

the level of system efficiency, based on the utilized tactics, is quantified. Figure 4.5

illustrates the general analysis framework.
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4.6 Case Study

The analysis carried out was based on a case study of Auckland, New Zealand, the

country’s largest and busiest city, whose PT system has been criticized as not being

efficient (Mees, 2010). More recently, the Auckland Transport Regional Public Transport

Plan (AT, 2013) was created for the purpose of developing an integrated transport

network to provide Aucklanders with a sustainable transport system in a safe, integrated

and affordable manner. This plan shows the intensive discussion conducted about various

issues relating to PT systems of the future; indeed, a major focus over the next decade

will be on enhancing the PT system. Thus, there is need to investigate the performance

of Auckland’s PT system. A case study for the Auckland region was conducted, based

on AT (Auckland Transport) data, which consisted of the PT network, AT- HOP cards

(Auckland Integrated Fares System), OD pairs and a PT demand data. The data for

each stop contain bus ID, arrival and departure times, number of boarding and alighting

passengers, and the number of passengers onboard the bus upon departure. In addition,

the scheduled departure times are known. Passenger data was collected for 4 weeks on

March 2014 by ITS system (AT-HOP card). That is, the time and location of boarding

and alighting of passengers are provided. Average headways and dispatch times are

assumed to be known at both Transfer Point 1 and Transfer Point 2. In addition, vehicle

capacity was given as 60 passengers, with 40 seats and 20 standings.

The PT network data is based on AT transit feed dated May16, 2014. Analysis was

carried out on three bus routes and two transfer points. The first route, known as

Northern Express (NEX), has a dedicated lane that runs from the suburbs across the

Auckland CBD area; it transports quite a high number of passengers during peak hours.

The second route, Route 858, runs north-south (east of the first route); and the third

route, Route 880, is a loop that serves as a feeder route. Figure 4.6 illustrates the

three routes and the two transfer points.

4.7 Results

The performance indicator was evaluated with the total passenger travel time. The

events were extracted from the simulation model for 24 hours. Based on the optimization

process, the maximum hold time observed in all events was 106 seconds, subject to
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Figure 4.6: Bus system and the study routes, Auckland, New Zealand.

the length of headways; the average hold time was 30 seconds. The maximum number

of skipped stops is 6 for a vehicle trip. For each trip, the states of the bus situation

with reference to different events were computed, along with the disutility function and

SPI. Table 4.3, summarizes the results for ten events tested to evaluate the reliability

and efficiency of the system under different operational conditions. Table 4.3 describes

the main results of the performance indicators.
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From the results of Table 4.3 it is possible to draw an immediate conclusion about the

library of selected tactics used to improve the overall system performance. The results

demonstrate that the SPI index of no control policy is 274.80 as compared with SPI

of 114.60 when using operational tactics; this is a reduction of 58% across the system.

For a schedule deviation of between ±26 seconds, direct transfer occurs without the

implementation of any tactic, and the SPI is zero (a perfect case). Generally speaking,

the results also show a somewhat superior outcome for State 2 using holding tactic than

for State 4 using skip-stops. It is to note that each color coding, stands for a change in one

state. For example the red zone indicates State 1 or 5 (large schedule deviation), where

no control action is applicable. Likewise, the green and orange colors show the results for

those events that are behind (State 4) and ahead (State 2) of the schedules, respectively.

Consequently, each state is compensated by means of related operational tactics.

4.7.1 Sensitivity Analysis

In order to understand the importance of each independent variable for computing the SPI,

a decision tree (DT)-based method was used. DT-based methods can automatically detect

interaction between independent variables through the tree structure. The applicability,

efficiency and other strengths of DT-based methods have been proven in transportation

engineering (Abdel-Aty et al., 2005, Karlaftis and Golias, 2002). In this study, a

novel sensitivity analysis method, called classification and regression trees (CART),

which as the name implies is a DT-based method, was applied to assess the use of

different input variables on the SPI.

As expected, the CART algorithm categorized SPI into several homogenous groups.

Figure 4.7 shows that the tree is constructed on the basis of two strategies "Tactics" and

"No Control", total passenger travel time, "TPTT" and "Headway". The first CART box,

known as root node, depicts the total data (N), the mean and the standard deviation of

the SPI. The next branch splits to demonstrate two intermediate nodes: "Tactics" and

"No Control". In the "Tactic" box, "TPTT" is considered the most important factor to

compute the SPI. It may also be observed that by increasing "TPTT", the longer headway

has a higher SPI value. This indicates that applying the tactic of a short headway attains

a considerable reduction of SPI. In addition, the results exhibit that with "No Control" of

the system, the longer headway has a higher SPI value, in which "TPTT" increases.
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Figure 4.7: Effect of "No-Control" vs. "Holding-Skip-Stops" strategy on SPI.

Figure 4.8 demonstrates the effect of each tactic on the system. That is, "TPTT" is

the only important factor for the "Holding" tactic. As expected, the higher "TPTT" in

this case leads to a higher SPI value. For the "Skip-Stop" tactic, besides the "TPTT",

headway is also an important factor. With this tactic, the longer headway results in a

higher SPI value when "TPTT" increases. This shows that implementing a skip-stop

tactic for a long headway requires more attention. For example, if passengers cannot

board, they will experience longer waiting times. This also indicates that the marginal

burden or disutility of out-of-vehicle waiting time is perceived to be significantly more

burdensome than in-vehicle travel time; different studies have argued this issue (Reed,

1995). Hence, for developing any skip-stop model, more weight should be given to

the penalty function of skipping stops.

4.7.2 Computational Times

The mathematical formulation was coded in OPL using ILOG and implemented on

an Intel CoreTM i5− 2500 CPU @ 3.30 GHZ and 8.00 GB RAM. The execution time

of the procedure varies between 5-11 seconds for a proposed PT system model with

133 stops of the Auckland’s case study. This short time range allows for using the

proposed model in a real-time scenario.
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Figure 4.8: Effect of "Holding" vs. "Skip-Stops" tactic on SPI.

4.8 Concluding Remarks

In order to implement strategic measures that will effectively encourage the use of routes

with transfers, it is essential to develop operational tactics and strategies for minimizing

passenger waiting time at transfer points and for approaching the ideal of direct transfers

without waiting. This will undoubtedly make the PT service more attractive. In this study,

besides the reliability of the PT system, the effect of each tactic on system performance

was also investigated. System reliability is represented by schedule deviation, which was

calculated across all bus trips at the control stops. Lower schedule deviation results in

lower passenger waiting times and indicates greater system reliability. System efficiency

is represented by the effect of using different tactics on each bus trip for different events.

The results produced by this study are important for the real-time operation of any PT

system. Generally speaking, this study prepares the ground for practitioners to deliver

not only the optimal operational tactics, but also practical ranges of suggested tactics

based on categorized states. The most important outcome, which is proved by the case

study presented, is that the system’s performance was enhanced by up to 58% with the

aid of a proper combination of tactics in the right state at the right time. Moreover, the

analysis shows that the skip-stop tactic is sensitive to headway and total passenger travel

time. Thus, operators should pay attention to this fact when they consider using such a
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tactic, especially for long headways and with higher total passenger travel time.

The analysis also indicates significantly better results for the holding tactic when the

total passenger travel time is low. This study makes five important contributions: 1) it

introduces a simplified analysis for measuring public transport system performance; 2) it

proposes a public transport system deterioration and repair model; 3) it develops an

agent-based simulation model; 4) it enables a new method for sensitivity analysis of

total passenger travel time, different strategies, and headways and their effect on the

system; and 5) it makes it possible to simulate what-if scenarios, such as change of

demand because of unexpected passenger overflow, different combination of operational

tactics and minor changes in the transit network in real-time.

It is to note that this study utilizes a different perspective and modeling of optimal

combination of PT operational tactics than Nesheli and Ceder (2014). Further studies

can examine other operational tactics, especially given today’s advances in communi-

cation technologies; they can add more functions to the disutility function. Finally, a

practical guidebook for PT operators and drivers can and should be developed to

improve service reliability.

The next chapter investigates the effect of using the library of tactics on minimiz-

ing the bunching phenomenon.
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5.1 Abstract

Scheduled public transport (PT) service on a defined network often encounters unforeseen

variations of arrival times mainly because of traffic problems, unexpected passenger

demand and driver’s behavior. These variations will create the undesirable vehicle

(especially bus) bunching phenomenon unless a proper control action is introduced. This

study develops a methodology to attain optimally real-time control actions so as to

minimize the bunching phenomenon. To this end, a ’library’ of selected operational

tactics is constructed, for the PT operators, to assist in reducing not only vehicle

bunching, but also to increase the likelihood of direct (without wait) transfers. The

library of operational tactics serves as a basis for a process of real-time control actions

121
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to maintain the scheduled headway and thus achieving maximal transfer synchronization.

The methodology developed, using simulation, is applied to a case study of actual bus

routes operated in the region of Auckland, New Zealand. The results imply what tactic

to use in real time, what is the optimal control strength, and what is the saving of riding

and waiting times in comparison with PT operation without using tactics. The findings

show that a significant improvement, in avoiding bunching and increasing the number of

direct transfers, is attained by the use of a combination of selected tactics.

5.2 Introduction

Service reliability is one of the key factors to affect public transport (PT) operations from

the user and agency perspectives. Unreliable PT service was found to be one of the main

reasons to considerably reduce the attractiveness and the good image of the PT service

(Ceder, 2007, 2015). Different classes and types of measures are employed at each level of

the transit operations planning process to provide integrated, coordinated and seamless

PT service (Ceder and Tal, 2001, Voß, 1992). However, in practice, because of some

uncertain and unexpected factors such as traffic disturbances and disruptions, inaccurate

PT driver behavior and actions, and random passenger demands, preplanned scheduled

PT services do not always occur, especially the synchronized transfer service. The

combined effect of these factors on PT operations increases the difficulty in maintaining

PT vehicles’ headway. The headway irregularity may result in increased passenger waiting

time and lead to missed transfers. Missed connections of a transfer service will not only

frustrate current passengers, but also cause a loss of potential new users.

5.2.1 Literature Review

It a common phenomenon to observe that a bus falling slightly behind schedule tends

to pick up more passengers, causing it to slow down until it eventually bunches with a

trailing bus (Barnett, 1974, Newell, 1974). Though the bunching could be eliminated

to some extent by slowing the trailing bus, this will lead to increased travel times

of the passengers aboard the latter.

Several studies have discussed different advanced control models to produce headways

within a given tolerance or preplanned schedules by delaying or increasing the speed
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of vehicles. Various holding control models were developed to purposefully delay an

en route vehicle that is ahead of schedule (Delgado et al., 2012, Hickman, 2001, Osuna

and Newell, 1972, Turnquist and Blume, 1980). The findings indicate that holding

control might cause additional delays for onboard passengers and increase vehicle travel

times. Cats et al. (2011) presented a dynamic transit simulation model, BusMezzo, to

investigate a holding strategy considering the interactions among passenger activity,

transit operations and traffic dynamics. Some other methods such as speeding control

models were developed to reduce vehicle travel times by increasing operating speeds

(e.g. by skipping stations) (Sun and Hickman, 2005). Skip-stop can be implemented

to decrease the irregularity of service and increase the number of direct transfers. The

advantage of skip-stop is for passengers who already are onboard the bus and those to

board downstream. On the other hand, it has an adverse effect on passengers who want

to alight or board at the skipped stop (Nesheli and Ceder, 2014).

Strategies to increase the efficiency of a high frequency PT route were studied by Daganzo

who showed that without interventions, bus bunching was almost inevitable regardless of

the driver’s or the passengers’ behavior (Daganzo, 2009). An adaptive control scheme

was analyzed to mitigate the problem. The suggested model dynamically determines

bus holding times at route control points based on real-time headway information. The

recent study by Ji and Zhang (2013) also proposed a robust dynamic control strategy

to regulate bus headways and to prevent buses from bunching by holding them at bus

stops. They developed a controlling method to produce better system reliability than

that of some existing control strategies.

Controlling methods using operational tactics to alleviate the uncertainty of simultaneous

arrivals was demonstrated by Hadas and Ceder (2010a). Previous studies by Liu et al.

(2014) and Nesheli and Ceder (2014) also showed that by using some selected operational

tactics, the frequency of direct-transfers can be significantly improved and the total

passenger travel time can be reduced.

To date there are some real-time PT system control problems, not yet addressed,

about using, in practice, operational tactics. The following were found to be

the main problems.

(i). In previous studies the effect of only one or two operational tactics is examined

where, in fact, a combination of operational tactics can be used.

https://www.bestpfe.com/
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(ii). The PT network structure of previous studies was not complex. It includes only

one route or a small unidirectional network with the link’s travel time assumed to

be deterministic, thus not so realistic.

(iii). The investigation of the performance in previous studies did not consider long PT

routes serving high passenger demand.

This study, unlike others, uses the availability of real-time information to quickly correct

headway irregularity and allows for increasing the chances of simultaneous transfers.

With the availability of real-time automatic vehicle location (AVL), vehicle speed, the

number of passengers, the number of transferring passengers, and vehicle departure and

arrival time information, operational tactics can be used online and in real time. This

can make the use of some operational tactics more practical and effective in a dynamic

traffic environment, and contribute to further improving the number of direct transfers.

An event-activity based, transport-simulation framework is also developed to represent

a real-life example to evaluate the proposed theoretical model. Based on the proposed

framework, both the uncertainty of the PT service and total passenger waiting times

are reduced by increasing the number of direct transfers.

5.3 Control Methodology

5.3.1 System Description

The system underlying the model consists of main and feeder routes. The transfers occur

at separate transfer points for each route. The service area includes n = 1, 2, · · · , N

stops and r = r, ŕ, · · · , R routes. A route is made up of a collection of "trips"; each

trip k represents a single vehicle run, based on a certain departure time, along the

series of stops on the route.

5.3.2 Assumption

1. The vehicles are operated in a FIFO manner, with an evenly scheduled headway

per route.
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2. Route information, including, travel times between stops, estimation of passenger

arrival rates at each stop and average number of transferring passengers, are

presumed known and fixed over the period concerned.

3. Passengers onboard a vehicle will be informed of any action at the time of the

decision, thus, that they can choose to alight before or after the action.

4. The PT drivers comply with the speed-change and holding instructions provided

by their operator.

5.3.3 Headway-based Model

In order to alleviate the bunching problem and improving PT service reliability, we propose

a dynamic headway-based model according to real-time vehicles motion information

instead of schedule-based counterpart. In the analysis conducted in this study, a measure

of headway variation is shown continuously. This measure is calculated according to the

actual location of the PT vehicle that can be easily known in real-time from GPS and AVL

data. A plus sign indicates that the vehicle is running above maximum [max] headway

and a minus sign indicates that the vehicle is running below minimum [min] headway.

Let xk,r denotes the position of bus k on route r at time t, and sk,r = xk−1,r − xk,r is the

spacing between vehicles and νk,n,r is the current vehicle speed observed instantaneously.

The displayed measure is estimated with the following formula:

hk,n,r = sk,r
|vk,n,r − vk−1,n,r|t

, vk,n,r 6= vk−1,n,r (5.1)

where hk,n,r is the actual headway for the driver on trip k when driving between

consecutive stops of route r rounded down to the closest divider of time t. To ensure that

headways can be kept close to the ideal everywhere along the route, sufficient control

points are used to reduce the need for large corrective actions. This yields the following

expressions for headway variations related to earliness (E) and tardiness (T ):

Ek,n,r = max[(min Hk,r − hk,n,r), 0] (5.2)
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Tk,n,r = max[(hk,n,r −max Hk,r), 0] (5.3)

where Hk,r is the planned headway with its ”min” and ”max” as the boundary to trigger

an intervention (applied tactic). Hence, it is useful to define a state variable, ξk,n,r, that

is the deviation of the headway for a given vehicle trip k from the desired headway:

ξk,n,r = αEk,n,r + βTk,n,r, 0 ≤ α ≤ 1, 0 ≤ β ≤ 1 (5.4)

The constants α and β characterize the policy and the sensitivity of control. Over-

all, to avoid bunching problems and keep the system running on time, the follow-

ing expression is defined:

Z =
∑
k

∑
n

∑
r

ξk,n,r (5.5)

The developed model focuses to minimize Z by implementing proper tactics from a

library of tactics on each PT trip for different events. To evaluate the additional travel

time per passenger because of unreliable service, the waiting time at the stops should be

considered. The expected waiting time for randomly arriving passengers (Ceder, 2007,

2015) with headways of no more than 10 − 12 minutes can be calculated as:

W stop
k,n,r = Hk,r

2

(
1 + σ2(hk,n,r)

H2
k,r

)
(5.6)

where

W stop
k,n,r = average waiting time at a stop;

σ2(hk,n,r) = variance of headway at a stop.

An important reason for the headway irregularity is the variations in passenger demand

at that stop. A higher passenger demand at one stop may results in an excessive vehicle

dwell time, which contributes to further delays and increases passenger waiting times

at downstream stops. In this respect γn,r is defined a dimensionless measure of the
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demand rate at stop n, equivalent to the ratio between the passenger arrival rate (in

passengers/minute) and the total passengers’ arrival rate (also in passengers/minute).

For most vehicle lines, alighting moves are performed quickly making the increased

service delay depends mostly on boarding moves. Thus, the passengers boarding time

at stop n increases by γn,r if the headway increases by one unit time. Equation 5.6

can be rewritten in the following way:

W stop
k,n,r = (1 + γn,r)

[
Hk,r

2

(
1 + σ2(hk,n,r)

H2
k,r

)]
(5.7)

According to Equation 5.7, the waiting time is minimum for a certain average headway if

the variance of the headway equals zero. Luethi et al. (2007) found this approximation to

be true only for relatively short headways; in the case of longer headways, passengers tend

to time their arrivals at the stop to reduce waiting time. It is also shown that passengers

travelling during peak hours, such as regular commuters, tend to plan their arrivals,

whereas passengers travelling during off-peak hours are more likely to arrive randomly.

Moreover, Luethi et al. demonstrated that the arrival behavior is also dependent on

service reliability (Luethi et al., 2007). This means that a control strategy enabling a

reduction of headway variation will reduce passenger waiting times at stops.

5.3.4 Direct Transfer (DT)

Scheduled synchronized transfers, such that two or more vehicles can meet at a transfer

point can be improved by implementing a library of tactics. Missed transfers will increase

total passenger travel time by the extra waiting time for the next vehicle. A successful

synchronized transfer -direct transfer- occurs if the following holds:

Γ1 = if Ak,n,r −Dḱ,n,ŕ > 0 then 1, else 0; (5.8)

Γ1 = if Aḱ,n,ŕ −Dk,n,r > 0 then 1, else 0; (5.9)

where Ak,n,r and Dk,n,r are arrival time and departure time of vehicle trip k at stop

n on route r; subsequently DT occurs if Γ1 + Γ2 = 0.
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On the other hand, missed transfers will increase total passenger travel time by the

extra waiting time for the next vehicle. The waiting time at transfer stop, tp, is

designated by the following formula:

Wmissed
k,n,r =

(
1 + pk,n,rŕ∑N

n=1 λn,ŕhḱ,n,ŕ

)
hḱ,n,ŕ (5.10)

where pk,n,rŕ is the number of transferring passengers from route r to ŕ at stop n = tp. It

is assumed that passengers arrive at stop n on the route of ŕrandomly at a rate of λn,ŕ.

5.3.5 Library of Tactics

Operational tactics are usually applied to rectify the headway irregularity and to make

sure that the deviation from the scheduled headways is maintained within a predefined

tolerance. This is also done to maximize the simultaneous arrivals of vehicles to a given

transfer point. Generally speaking, there is a set or ’library’ of feasible operational tactics

to be used by PT operators. At each control step a set of possible operational tactics

is selected from the library of tactics. The optimal values of the selected operational

tactics are determined according to defined objectives. The following section describes

two control models that essentially follow this logic with the objective of minimizing

headway variation at each vehicle trip.

1) Speed-change control model: Speed-change presents a control strategy that continu-

ously adjusts the vehicles’ speeds based on a cooperative two-way speed adjustment

to achieve a proper headway between the front and back vehicles. Such a coopera-

tive control is shown to be effective in preventing bunching. This headway-based

dynamic speed-adjustment model determines optimal speeds by updating vehicle

running speed and acceleration and deceleration rates on the basis of vehicles

locations. Vehicles are allowed to change speed, but not above the speed limit.

The model developed assumes vehicle speed and location given PT-related GPS

information.

Because of the stochastic nature of PT systems, the speed-change tactic combined

with other tactics delivers better results than the isolated use of the speed-change

tactic (Liu et al., 2014). This is especially the case during peak hours and traffic
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congestion. With the employment of the inter vehicles communication (IVC)

systems, drivers can also communicate with each other through their communication

coordinator, and can dynamically adjust their route-section travel speed (average

section running time) in order to increase the encounter probability of vehicles at

transfer points (Liu et al., 2014). The speed-change control formulation is based

on the headway deviation definition of the expression given in Equation 5.4. In

order to attain the desired headway, the speed should increase or decrease with

deviation from the desired headway. When vehicles operated with evenly-distributed

headways, the resulting spaces are equal to the desired space:

s̄k,r = vdk,rHk,r (5.11)

where vdk,r is the desired vehicle speed and Hk,r is the planned headway. The

distance of the vehicle k to the desired space, ∆sk,r is extracted from the spacing

between vehicles, sk,r, and desired space, s̄k,r with the following expression:

∆sk,r = sk,r − s̄k,r (5.12)

In Equation 5.12 if the value of ∆sk,r is a negative value, this means a vehicle tends

to bunch with the vehicle in front of it. Consequently, from kinematic equations of

motion, the speed control rule is formulated as follows:

vck,n,r =
√
±2|ak,n,r|∆sk,r + v2

k,n,r (5.13)

where vck,n,r denotes new speed under control, ak,n,r is desired rate at which speed

would increase or decrease, in which plus means acceleration and minus means

deceleration. This desired rate is extracted from the following formula:

ak,n,r = 2(δsk,r − vk,n,rξk,n,r)
ξ2
k,n,r

(5.14)

By substituting Equation 5.14 into Equation 5.13, the result as the new speed

based on the speed-change control is defined as:

vck,n,r =
√
±4|∆sk,r − vk,n,rξk,n,r

ξ2
k,n,r

|∆sk,r + v2
k,n,r (5.15)
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Figure 5.1: Space-time diagram of PT operations.

This inter-stop control action can be utilized as complementary to other stop

controls. Figure 5.1 illustrates a space-time diagram of PT operations.

2) Holding control model: Holding a vehicle at one stop is one of the most commonly-

used control actions, in practice, to improve the on-time performance. Vehicle

holding control strategies can usually be employed in two directions: headway-

related and departure-time related. The first direction uses threshold-based control

models in which vehicles are held at a control stop on the basis of the irregularity

of their headway from the planned service headway (Osuna and Newell, 1972).

The second direction uses models to determine the holding times on the basis of a

schedule deviation. The schedule-based direction involves holding a vehicle only

until its scheduled departure time. In this study, only those models of the first

direction, headway-related control strategies, are considered. Thus, the holding

time at the control stops is defined as:

HOk,n,r = min

(
αEk,n,r, HO

max
k,n,r

)
(5.16)

where HOmaxk,n,r is the maximum holding time at stop n and α is a constant value,
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ranging from 0.0 to 1.0 for stability reasons and control strength.

Based on the Equation 5.16, the effect of holding tactic on the departure time and

for the rest of trip is as follow:

Dk,n,r = Dk,n−1,r + ck,n,r + dk,n,r +HOk,n,r (5.17)

where Dk,n,r represents the departure time of vehicle on trip k at stop n, ck,n,r
denotes the running time between stops n− 1 and n, and dk,n,r, is the dwell time of

the vehicle at stop n. The following equation defines dwell time based on boarding,

bk,n,r and alighting, ak,n,r, in which boarding is, bk,n,r = λn,rhk,n,r.

dk,n,r = f0 + f1bk,n,rtb + f2ak,n,rta (5.18)

where f0, f1 and f2 are estimated parameters for the dwell time function with

either f1 = 0, or f2 = 0 based on the input data used; that is f2 = 0 if the boarding

time is longer than the alighting time, and vice versa for f1 = 0. The passenger

boarding and alighting times are t− b and ta.

The main objective of a threshold-based holding control strategy is to regulate

vehicle headways at the control stop based on a theoretical relationship between

the expected waiting time of randomly arriving passengers and the variation of

headways. In order to calculate the additional travel time, the model calculates

the effect of headway-based holding on passengers’ waiting time, in which a change

in headways leads to a change in additional travel time for passengers. Thus,

in-vehicle waiting time for passengers aboard, Bk,n,r, a vehicle being held at stop n

on route r can be written in the following way:

W in−vehicle
k,n,r =

(
1 + Bk,n,r∑N

n=1Bk,n,r

)
HOk,n,r (5.19)

where Bk,n,r = lk,n,r+bk,n,r−ak,n,r; the state variable of lk,n,r represents passengers’

load of vehicle trip k at stop n on route r. It should be noted that the checking

constraint, Bk,n,r < Qmaxk,r is hold, where Qmaxk,r is passenger capacity of vehicle on

route r.
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3) Total waiting time: According to the formulations derived from the expected waiting

times for passengers, the following expression for the proposed model should be

minimized:

min
∑
k

∑
n

∑
r

(
W stop
k,n,r +Wmissed

k,n,r +W in−vehicle
k,n,r

)
(5.20)

5.4 Simulation Experiments

To evaluate the system-performance in a systematic manner, a discrete event model

is developed to simulate vehicle operations with controlled operating conditions. The

theoretical model is generally built on assumptions to be analytically tractable. Some

of these assumptions can be relaxed in the simulation, yielding a more realistic rep-

resentation of a PT network operation. The simulation model adopts input and pa-

rameters from real-life data so that the performance of the library of tactics can be

assessed under stochastic conditions.

5.4.1 Event-activity System Modelling

The system is simulated using an event activity (EA)-based and stochastic simulator. In

the EA, the system changes state as events occur. Activities are undertaken to achieve a

specified outcome or a service. They have duration and usually involve the use of process

elements and resources (Kelton and Law, 2000). Three events are defined to describe the

possible status of the vehicle: (i) departure of a vehicle from a stop (departure event);

(ii) at time t, arrival of a vehicle to position x which is a location between two stops

(position event), and (iii) arrival of a vehicle at a stop (arrival event).Two activities

are defined to depict the process of a PT service on the model: (i) traveling on the

route between consecutive stops (driving activity), and (ii) serving passengers at a stop

(dwelling activity).Transferring is considered a part of dwelling activity at transfer point

in which missed transfers should wait for the next vehicle. Each event is triggered every

time a vehicle reaches a stop or position x. Vehicle loads, travel times and position,

as well as the number of passengers waiting at each stop and transferring passengers

are updated in each event. The simulation keeps track of individuals at the stops and
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in the vehicle at each point in time. The operational tactic deployment process can

then be divided into a sequence of decision stages based on events; minimize the gaps

between the planed and actual headway, and minimize the total passenger waiting time.

In this way the library of operational tactics helps to reduce not only vehicle bunching

but also to increase the likelihood of direct transfers.

5.4.2 Simulation Environment

A case study was simulated for analyzing and validating the performance of the model

before and after implementation of the tactics. Moreover, the PT network has been

simulated for handling the concept of synchronized transfers. The simulation software

ExtendSim8 (ExtendSim, 2008), has been used to simulate the network. In the simulation,

passengers arrive randomly following a Poisson distribution with mean λn,r at each stop.

This distribution is common in service with headways of less than 12 min (Jolliffe and

Hutchinson, 1975, Okrent, 1974). The boarding process follows a FIFO discipline. Thus,

the earliest arriving passenger will be the first to board a vehicle if there is available

capacity or will have to wait for the next vehicle if unavailable. The simulation model

considers the vehicle travel times between two adjacent stops as a random variable

with a log-normal distribution; LN(µ, σ2) that has been commonly used in previous

studies (Andersson et al., 1979, Hickman, 2001). In the dwelling process, boarding and

alighting take place at different doors. In the simulation, each passenger contributes

the same marginal times when boarding and when alighting. The total dwell time is

then estimated as the maximum time between these two processes.

5.5 Case Study

To assess the effect of applying different tactics in practice, a case study of Auckland,

New Zealand’s largest and busiest city, is analyzed. A case study for the Auckland region

was based on AT (Auckland Transport) data, which consisted of the PT network, AT-

HOP cards (Auckland Integrated Fares System) and a PT demand forecast. All buses of

the Auckland transport network are equipped with AVL and GPS systems. These data

are used to analyze bus travel times and headway adherence (to implement operational

tactics). This means that real-time information on bus locations can be used to predict
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bus arrivals at the transfer points and to determine bus headway deviations. Analysis

was carried out on three bus routes and two transfer points. The first route, known as

Northern Express (NEX), has a dedicated lane that runs from the suburbs to and across

the Auckland CBD area; it transports a very large number of passengers during peak

hours. The second route, Route 858, runs north-south (east of the first route) and the

third route, Route 880, is a loop that serves as a feeder route.

5.5.1 Control Strategies(Policy)

Two different control policies were tested and compared. The first policy, "No-Tactics",

was used for comparison purposes. That is, the vehicles are dispatched from the terminal

at a designed headway without taking any control action along the route. In this policy,

because of headway variation and vehicle bunching, direct transfers occurred infrequently.

The second was the combination of "Holding and Speed-Changes".

5.5.2 Simulation Analysis

The proposed model was applied to the case study. Boarding and alighting times per

passenger were set at 2.5 and 1.5 seconds, respectively. Vehicle capacity was given as 60

passengers, with 40 seated and 20 standing. Headways are set to 5, 10, and 5 minutes

for routes 1, 2, and 3 with an evenly scheduled headway per route.

1) Scenario: For the scenarios, two demand profiles were tested in this analysis: the

base demand profile is the afternoon peak passenger demand obtained through the

AT-HOP cards system; the second profile was created by doubling the demand

rates of the base case to simulate high-demand scenarios. Table 5.1 indicates the

average number of passengers per simulation in each scenario as well as the designed

headway for each route. For each scenario, the model was run for six hours. The

first hour of simulation was always discarded to minimize the initial condition

impact and allow the model time to stabilize (warm-up period).

The minimum and maximum headway variations, as the boundary for triggering

an intervention, were set to ±20%. Thus, for 5 minutes headway, headways less

than 4 minutes and more than 6 minutes are considered as earliness and tardiness
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Table 5.1: Route characteristics

Average number of passengers
Route Headway (min.) Scenario1 Scenario2
1 5 257 514
2 7 1342 2648
3 5 958 1916

respectively. Based on Molnar (2008), bunching is considered where the headway

between buses is less than or equal to two minutes.

2) Performance: In order to evaluate system’s reliability, the performance of the control

strategies is assessed. System reliability is represented by headway variance, which

is calculated across all vehicle trips and stops. Undoubtedly, lower headway variance

results in lower passenger waiting times and indicates greater system reliability.

Subsequently, four performance measures are used to compare between all control

strategies: passenger wait time at stop, passenger in-vehicle time, transfer waiting

time and vehicle travel time. The efficiency of the system was evaluated by means

of control strength for different reduction levels. Thus, the control strength for

earliness was set to α = 0.5 (half control), α = 0.75 (semi-full control) and α = 1

(full control). The constant value for tardiness is set to β = 1.

5.6 Analysis of the Results

The performance of the Auckland system was evaluated by means of total passengers

waiting time. The following subsections describe results of the performance indicators

according to the developed simulation model.

5.6.1 Average Waiting Times, Standard Deviations, and Bunching

Table 5.2 describes the passengers waiting times for each scenario given the two types

of control policies. This table presents the average value for waiting times with their

respective standard deviations, and the percentage improvement of the combined tactic

over the No-Tactics ("None") policy. The results demonstrated the significantly better

performance of the proposed control policy, in both scenarios. A summary of the
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performance measures shows that the tactics-based control policy presents a much more

stable performance with standard deviations meaningfully lower than the no-control

policy. The table shows greater service enhancement through a reduction in total waiting

time in the scenario with base demand profile (#1). This suggests that if the demand

rate is not too high, the use of the presented tactics can decrease waiting times and

drastically increase the likelihood of direct transfers.
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In addition, from Table 5.2, better results were obtained when applying the tactic with

α = 1, and α = 0.75 in Scenarios #1 and #2 with 61.13% and 52.45% improvement of

total waiting times, respectfully. This indicates that applying semi-full control strength

(α = 0.75) in high-demand case results in shorter passenger waiting times and indicates

greater system reliability. On the other hand, in Scenario #1, a somewhat superior

outcome is observed with only a 2.41% greater value for full control strength (α = 1).

However, Table 5.2 shows that the in-vehicle waiting time can be increased from 821.84 to

1105.26 seconds or from 1362.31 to 1613.87 seconds when taking the full strength control

into account. The implication of this pattern suggests that it may not be necessary to

consider the control strength rigorously as long as the improvement is not significant.

As the aim of the implementation of tactics was mainly to synchronize the arrival

of transit vehicles at a transfer area, the results show a significant improvement in

the likelihood of direct transfers resulting from the use of control policies in both

scenarios. Again, the base demand scenario yielded the best results as expected, by

91.5% reduction in missed transfer waiting times.

In terms of bunching, Table 5.2 demonstrates greater service enhancement through

the control policy in vehicle bunching with an 88.34%, and 80.88% improvement in

Scenarios #1 and #2 respectively.

5.6.2 Headway Distribution

Based on the proposed simulation model, it is also possible to monitor the headway vari-

ation for a typical simulation run. Vehicle bunching takes place when headways between

vehicles are irregular. Identifying and understanding the distribution and attributes of

vehicle bunching helps to ensure appropriate control strategies .The simulation results

illustrate the headway frequency distribution, over hours of simulation and stops along a

route. Route 858 was selected because this route is the longest route of the case study

and is long enough for vehicle bunching to appear with 5 minutes headway.

The results demonstrated greater service enhancement through a reduction in headway

variations in both scenarios by the use of suggested operational tactics. This can be

observed graphically in Figure 5.2, which illustrates the headway distribution before and
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Figure 5.2: Headway distributions for two scenarios under two control policies.

after applying the tactics. Generally, the results also show a better outcome for base-

demand scenario than high-demand scenario through a reduction in headway variation.

This suggests that the use of tactics drops standard deviation to 99.62 seconds, a

reduction of 167 seconds in the base-demand scenario. Similarly, it drops to 162.11,

a reduction of 112.9 seconds in the high-demand scenario. It may also be observed

from Figure 5.2 that by implementing tactics, the actual headways can be kept close

to the desired headways tolerance more frequently.

5.6.3 Effectiveness of Performance

In order to statistically understand the significance of the PT service improvement,

the "sample comparison" test was used to construct the standard errors interval for

both control policies. This analysis can be used to test whether differences between
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Figure 5.3: Headway means comparison for two scenarios.

two samples are statistically significant (confidence interval of 95%). The results show

that no samples overlap. This indicates that applying the tactics attains a statistically

significant improvement as appears in Figure 5.3.

5.6.4 Cycle Time Distribution

In order to explore the service reliability of the system under the presented scenarios, the

cycle time of vehicle trips was evaluated. Figure 5.4 shows the distribution observed for

cycle times across all vehicles for the two different control strategies on Route 858. The

results depict that H-SC1 (holding and speed-change in Scenario#1) presents the smallest

average cycle time and the lowest variability across all strategies. The results revealed

that while a no-control policy shows an average cycle time of 2,835.78 seconds, the holding

and speed-change policy drops it to 2,403.54, a reduction of 15.24% in Scenario #1.

Similarly, in Scenario #2, the holding and speed-change policy shows an average cycle

time of 2,657.43 seconds, a reduction of 12.64% compared with the no-control policy.
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Figure 5.4: Cycle time distribution for both scenarios.

5.7 Conclusions

Public transport (PT) reliability largely depends on the distribution of the scheduled

vehicle headways, often referred to as PT on-time performance. In many instances the

observed headway reaches values outside a desired tolerance because of the stochastic

nature of passenger demand, including unexpected events, traffic conditions and driver’s

behavior. These variations of headways will create the undesirable vehicle (especially

bus) bunching phenomenon unless a proper control action is taken. This study develops a

methodology to attain optimally real-time control actions so as to minimize the bunching

phenomenon. To this end, a ’library’ of selected operational tactics is constructed, for
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the PT operator, to assist in reducing not only vehicle bunching, but also to increase

the likelihood of direct (without wait) transfers. This work uses simulation tools in

order to identify optimal settings by which a combination of holding and speed-changes

tactics could be efficiently implemented. The simulation model is illustrated through a

detailed case study of a PT network from Auckland, New Zealand. The simulation uses

two demand scenarios: data-based Scenario 1, and a simulated high-demand Scenario

2. Following are general conclusions of the simulation results attained.

1. The tactic-based control strategy always results with a significant lower standard

deviation of the scheduled headways than the no-control strategy.

2. Applying semi-control strength in Scenario 2 results with a significant lower passen-

ger waiting time than in the no-control strategy. For Scenario 1 the semi-control

and full-control strengths yield close results.

3. Vehicle bunching situations are reduced significantly by the use of the tactic-based

control strategy.

4. The results show a better outcome of reducing headway variations for Scenario 1

(base-demand) than Scenario 2 (high-demand).

5. The control tactics using Scenario 1 exhibit smaller average cycle time and lower

variability of the reliability measures than when using Scenario 2.

Finally the analysis shows that the developed combination of operational tactics is

sensitive to changes of passenger demand at high-demand levels; this is related to

changes in reducing passenger wait time, in-vehicle time, transfer waiting time, number

of bunching situations and vehicle cycle time. In other words, operators should pay

attention to the level of passenger demand when using operational tactics, especially

with full-control strength. Future research may continue to develop an extended list

of operational tactics within the considered library of tactics, and investigate further

scenarios of high passenger demands.

The next chapter explains a real-time tactic-based control (TBC) procedure to increase

PT service reliability in headway-based system.
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6.1 Abstract

The problem of applying efficient vehicle synchronization into transfer points is addressed.

In order to reduce passenger transfer waiting time and provide an integrated, well

connected, public transport (PT) service, maximal synchronized transfers are employed

at the planning level. However, at the operation level, synchronized transfers do not always

appear because of certain stochastic and uncertain factors, such as traffic disturbances and

disruptions, fluctuations of passenger demand and erroneous behavior of PT drivers. This

can lead to deterioration in system reliability, missed transfers, and passenger frustration.

This work presents a real-time tactic-based control (TBC) procedure to increase the

service reliability and actual occurrence of synchronized transfers in headway-based PT

143
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system. The procedure aims at minimizing additional travel time for passengers and

reducing the uncertainty of meetings between PT vehicles. The TBC utilizes selected

online operational tactics, such as holding, boarding limit, and skip-stops, all of which

are based on real-time data. A library of operational tactics is firstly built to serve

as a basis of the real-time decision making process in the TBC. Then, an extensive

event-based activity simulation analysis framework with dynamic moving elements is

constructed to represent the logical process of the PT transfer synchronization problem.

A case study of the Auckland PT system is described for assessing the methodology

developed. The results show improvements of system performance and yielded new

findings on what control policy to use in different scenarios.

6.2 Introduction

Fundamentally, it is desirable to provide frequent and regular service in most public

transport (PT) systems (Osuna and Newell, 1972). However, in actual field imple-

mentation, due to some uncertain and unexpected exogenous factors, PT services are

not regular. The irregularity of PT service leads to missed transfers, one of the un-

desirable features of PT service, as it causes increased passenger waiting and travel

times, and consequently, passenger frustration.

Studies (Barnett, 1974, Newell, 1974, Osuna and Newell, 1972) showed, however, that

to provide regular service when uncertainties are present, utilizing control actions is

inevitable. Newell and Potts (1964) discussed the implications of no use of control strate-

gies whereby even a very small disturbance can cause serious off-schedule running. This

deviation will be amplified and propagated along the route, causing service deterioration

and vehicle bunch up. For these reasons, and in order to control the inherent randomness

in PT systems, control strategies, such as holding, skip-stop, boarding-limit and short

turn, are used at the operations phase (Ceder, 2007, 2015).

Osuna and Newell (1972) developed a single point holding strategy in an idealized PT

system. They formulated the control process as a dynamic programming problem to

minimize the average passenger waiting time. Barnett (1974) investigated holding vehicles

strategy at a selected control stop where average passenger waiting time and average in-

vehicle passenger delay are considered. Eberlein et al. (1999) studied a group of control



6.2. Introduction 145

actions -deadheading, expressing and holding strategies- singly and in combination.

They used heuristic algorithms to solve the combined control problem. Hickman (2001)

formulated the holding problem as a convex quadratic program and developed an analytic

stochastic model. Thereafter, Sun and Hickman (2005) investigated the possibility of

implementing a stop-skipping policy for operational control in real-time. A nonlinear

integer programming problem for two different stop-skipping policies was formulated to

examine how the performance of the two policies changed with the variability of effective

parameters on the route. Hadas and Ceder (2008) proposed a dynamic programming

model to compute the effects of control tactics on the number of synchronized transfers

and total passenger travel time. Delgado et al. (2012) developed holding and boarding-

limit strategies. A deterministic mathematical model with a nonlinear and non convex

objective function was proposed for real-time transit operations. Finally, Muñoz et al.

(2013) investigated dynamic control strategies for PT operation with real-time headway-

based control, comparing different approaches to different scenarios.

With the advent of new technologies such as: AVL (Automatic Vehicle Location), APC

(Automated Passenger Counting), and real-time PT information, many simulation models

were developed by researchers. Transit simulations provide a dynamic perspective on

transit operations, enabling comparisons of various scenarios and representation of

complex interactions between the network components (Cats et al., 2010). Dessouky et al.

(2003) developed simulated systems that employed holding and dispatching strategies.

The results showed that advanced technologies were most advantageous when there were

many connecting buses. The schedule slack was then close to zero. Fu and Yang (2002)

investigated both the threshold based holding control model and an optimal holding

control model by considering a vehicle’s preceding as well as following headways. Based on

a simulation, the study indicated that the control point should be placed at the bus stop

with high demand and located close to the middle of the route, and that real-time bus

location information can help reduce passenger in-vehicle time and bus travel time when

a number of control points are used. A dynamic transit simulation model, Bus Mezzo,

is proposed by Cats et al. (2011) to investigate the holding strategy. They considered

the interaction of passenger activity, transit operations, and traffic dynamics in their

model. The recent study by Ji and Zhang (2013) also proposes a robust dynamic control

strategy to regulate bus headways and to prevent buses from bunching by holding them

at bus stops. They develop a controlling method with the aid of a simulation process to
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produce better system reliability than do some of the existing control strategies.

Although extensive research has been conducted to analyse PT movements at a one-way

loop transit corridor, to date there are some real-time control problems, not yet addressed,

about their actual use. The main problems are: (i) in previous studies, researchers

employed only one or two operational tactics where, in fact, a group of operational tactics

can be used, (ii) the PT network structure of previous studies was not complex; it includes

only one route or a small unidirectional network with the link’s travel time assumed to be

deterministic, thus not so realistic, and (iii) few studies investigated the use of real-time

automatic data collection systems and the challenge of implementing them with real-time

control actions in the real-life example.The rapid development of information (more

reliable and accurate data) and current technology, especially the intelligent transportation

system, open the door to use operational tactics in real time and online.

Previous studies by Hadas and Ceder (2010a), Liu et al. (2015), Nesheli and Ceder

(2014) and continuing along this line Nesheli and Ceder (2015b) showed that by using

some selected operational tactics, the frequency of direct-transfers (without wait) can be

significantly improved and the total passenger travel time can be reduced. In this work

we focus on the development of a new real-time tactic-based control (TBC) procedure

to increase the service reliability and actual occurrence of synchronized transfers in

headway-based PT system. The procedure aims at minimizing additional travel times

for passengers and reducing the uncertainty of meetings between PT vehicles.

The rest of the paper is organized as follows: first, the overall framework and imple-

mentation details of the PT system control model are presented. The application of

the PT simulator is demonstrated with implementation for a high-demand PT network

in Auckland, New Zealand. The analysis of the case study includes performance anal-

ysis and study of control effectiveness. The headway distribution shows the impact

of control policy on the performance. Finally, the conclusion and recommendations

for future study are presented.

6.3 System Control Models

PT control strategies can be designed in various forms with a major differentiating

characteristic being how a control action is triggered. In this section, the main headway-



6.3. System Control Models 147

based control strategies and their associated key variables are described. The math-

ematical models including the effect of each control action on waiting time for pas-

sengers are investigated.

6.3.1 System Characteristics

The system underlying the model consists of main and feeder routes. The transfers occur

at separate transfer points for each route. The service area includes n = 1, 2, · · · , N

stops and r = r, ŕ, · · · , R routes. A route is made up of a collection of "trips"; each

trip k represents a single vehicle run, based on a certain departure time, along the

series of stops on the route.

6.3.2 Headway-based Model Description

The main objective of a headway-based control model is to regulate the vehicle headway

at the control stop. The headway-based control method requires less slack than the

schedule-approach to maintain the headway within a given tolerance (Daganzo, 2009).

That is, the PT system operates faster by means of headway-based control. In a

deterministic and stationary world with no random variation, vehicles arrival to stops

would simply be regular when the planned headway is H. In reality, however, because

of certain stochastic and uncertain factors, such as traffic disturbances and disruptions,

fluctuations of passenger demand and erroneous behaviour of PT drivers give rise to

deviations between the actual vehicle arrival times Ak,n,r, and those scheduled. As a

result, actual headways, hk,n,r = (Ak,n,r −Ak−1,n,r), differ from those planned, and this

affects PT service performance, since longer headway deviation implies longer passenger

waiting times. To model these effects in a simple way, headways variation within a

given tolerance is determined. This gives the following expressions for the headway

variation related to earliness (E) and tardiness (T ):

Ek,n,r = max[(min Hk,r − hk,n,r), 0] (6.1)
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Tk,n,r = max[(hk,n,r −max Hk,r), 0] (6.2)

where Hk,r is the planned headway with its ”min” and ”max” as the boundary for trigger-

ing an intervention (applied tactic). Thus, it is useful to define a state variable, ξk,n,r, that

is the deviation of the headway of vehicle trip k at stop n from the desired headway:

ξk,n,r = αEk,n,r + βTk,n,r (6.3)

The constants α and β characterize the policy and the sensitivity of control. Overall,

maintain regular vehicle headway and keep the system running on time, the follow-

ing expression is defined:

Z =
∑
k

∑
n

∑
r

ξk,n,r (6.4)

A control model is adopted to minimize Z by implementing proper tactics from a library

of selected operational tactics on each PT trip for different events. To evaluate the

additional travel time per passenger because of unreliable service, the waiting time at the

stops should be considered. The expected waiting time for randomly arriving passengers

(5) with headways of no more than 10-12 minutes can be calculated as:

W stop
k,n,r = Hk,r

2

(
1 + σ2(hk,n,r)

H2
k,r

)
(6.5)

where

W stop
k,n,r = average waiting time at a stop;

σ2(hk,n,r) = variance of headway at a stop.

Equation 6.5 reflects that the delay caused by headway variation contributes incrementally

to passenger waiting time at stops. That γn,r is a dimensionless measure of the demand
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Figure 6.1: Graphical representation of the PT network.

rate at stop n, equivalent to the ratio between the passenger arrival rate λn,r (in passenger-

s/minute) and passengers’ boarding rate (also in passengers/minute). Thus, the passen-

gers boarding time at stop n increases by if the headway increases by one unit time.

W stop
k,n,r = (1 + γn,r)

[
Hk,r

2

(
1 + σ2(hk,n,r)

H2
k,r

)]
(6.6)

6.3.3 Direct Transfer

Scheduled synchronized transfers, so that two or more vehicles can meet at a transfer

point, can be improved by implementing a library of tactics. Missed transfers will increase

total passenger travel time by the extra waiting time for the next vehicle. Consider a PT

system having one transfer point and two routes. A route is divided into "I " segments

with c1,k, c2,k, · · · , cI,k running times between stop n and stop n+ 1. Accordingly νk,n
denotes vehicle speed on tip k to a transfer point. This is shown in Figure 6.1. The

possible direct transfer (DT) occurs if two or more PT vehicles, meet at the same time

at a transfer point, which is based on the following theoretical relationship between

the total trip times of vehicle arrivals at transfer point:
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Sr = 1
2 āk,rC

2
k,r + v0,k,rCk,r (6.7)

where

Sr = distance travelled of route r from positional point to a transfer point;

Ck,r = total trip time of vehicle on route r from positional point to a transfer point;

āk,r = average acceleration of vehicle on route r (the plus sign means acceleration and

the minus sign means deceleration);

v0,k,r = initial speed of vehicle on route r; it is to note that usually the initial speed

equals zero, thus, we neglect this speed in the formulation. Based on the above notation,

the average acceleration which is the change in the vehicle speed to the change in

time can be obtained as:

āk,r =
∑I=tp
i=mr∈N

∆vi,k
ci,k

I
(6.8)

where mr is a positional point of route r, and tp is a transfer point. The running time in

Equation 6.8 can be extracted from Equation 6.9 in which is the average running time.

ck,n,r = ξk,n,r + c̄k,n,r (6.9)

In addition from Equation 6.7 the total trip time obeys:

Ck,r =
√

2āk,rSr
āk,r

(6.10)

This can be simplified to:

Ck,r =
√

2Sr
āk,r

(6.11)

This equation can be written for route ŕ by:

Ck,ŕ =
√

2Sŕ
āḱ,ŕ

(6.12)

Thus the possible direct transfer occurs if the following holds:

Ck,r = Ck,ŕ (6.13)
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By substituting Equation 6.8 into Equation 6.11 and then rewriting Equation 6.13, we

can define the result as the dimensionless measure of the acceleration or deceleration rate

of the vehicle, equivalent to the ratio between the distance rate to a transfer point.

Sr
Sŕ

= āk,r
āḱ,ŕ

(6.14)

Following from Equation 6.9 and 6.14, keeping the distance ratio and acceleration

ratio stable for different routes, undoubtedly assists in making direct transfers. To

further enhance performance, the strategy will allow these intervals to be monitored

as frequently as desired.

It is now possible to measure the effect of making or missing synchronized transfers

on the change in passengers additional travel time by the definition of direct transfers.

Therefore, a direct transfer occurs if the following holds:

Γ1 = if Ak,n,r −Dḱ,n,ŕ > 0 then 1 else0; (6.15)

Γ2 = if Aḱ,n,ŕ −Dk,n,r > 0 then 1 else0; (6.16)

where Ak,n,r and Dk,n,r are arrival time and departure time of vehicle trip k at stop

n on route r, subsequently DT occurs if Γ1 + Γ2 = 0.

Accordingly, missed transfers will increase total passenger travel time by the extra

waiting time for the next vehicle. The waiting time at transfer stop, tp, is desig-

nated by the following formula:

Wmissed
k,n,r =

(
1 + pk,n,rŕ∑N

n=1 λn,ŕhḱ,n,ŕ

)
hḱ,n,ŕ (6.17)

where pk,n,rŕ is the number of transferring passengers from route r to ŕ at stop n = tp. It

is assumed that passengers arrive at stop n on the route of ŕrandomly at a rate of λn,ŕ.
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6.3.4 Holding Control Model

Hold of a vehicle at stop is one of the most commonly used control actions in practice

to improve on-time performance. In this model, the actual headway of the vehicle

under control is compared with a planned headway and the amount of holding time is

determined accordingly. The implementation of this control model is relatively simple.

Only the arrival time of each vehicle at the control stop needs to be recorded. Thus,

the holding time at the control stops is defined:

HOk,n,r = min

(
αEk,n,r, HO

max
k,n,r

)
(6.18)

where HOmaxk,n,r is the maximum holding time at stop n and α is a constant value, ranging

from 0.0 to 1.0 for stability reasons and control strength.

On the other hand, the main objective of this study is to regulate vehicle headway

in order to increase the likelihood of direct transfers. Therefore, if transfer points at

the major stations of the PT system are chosen for the holding point, the holding

time at these stops are described as:

HOk,n,r =


max

(
ωḱ,tp,ŕ,min

(
αEk,n,r, HO

max
k,n,r

))
, if ωḱ,tp,ŕ ≤ HO

max
k,n,r

min

(
αEk,n,r, HO

max
k,n,r

)
, otherwise

(6.19)

where ωḱ,tp,ŕ denotes the travel time for vehicle trip ḱ on route ŕ to travel from its

current location to the transfer point of tp. This time can be calculated when the

vehicle on route r is arriving at the transfer point.

Based on the above equations, the effect of holding tactic on the arrival time Ak,n,r
and for the rest of trip is defined:

Ak,n+1,r = Ak,n,r + ck,n,r + dk,n,r +HOk,n,r (6.20)
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where ck,n,r denotes the running time between stops n and n + 1, and dk,n,r, is the

dwell time of the vehicle at stop n. The following equation defines dwell time based on

boarding, bk,n,r and alighting, ak,n,r, in which boarding is, bk,n,r = λn,rhk,n,r.

dk,n,r = f0 + f1bk,n,rtb + f2ak,n,rta (6.21)

where f0, f1 and f2 are estimated parameters for the dwell time function with either

f1 = 0, or f2 = 0 based on the input data used; that is f2 = 0 if the boarding time

is longer than the alighting time, and vice versa for f1 = 0. The passenger boarding

and alighting times are t − b and ta.

To calculate the additional travel time, the model calculates the effect of headway-based

holding on passengers’ waiting time, in which a change in headways leads to a change

in passenger travel time. Thus, in-vehicle waiting time for passengers aboard, Bk,n,r, a

vehicle being held at stop n on route r can be written in the following way:

W in−vehicle
k,n,r =

(
1 + Bk,n,r∑N

n=1Bk,n,r

)
HOk,n,r (6.22)

where Bk,n,r = lk,n,r+bk,n,r−ak,n,r; the state variable of lk,n,r represents passengers’ load

of vehicle trip k at stop n on route r. It should be noted that the checking constraint,

Bk,n,r < Qmaxk,r is hold, where Qmaxk,r is passenger capacity of vehicle on route r.

6.3.5 Boarding-limit Control Model

A boarding-limit tactic can be applied to regulate the vehicle headway at the stop in case

of a route in high demand. Increased variance of headways and of passenger load at one

stop leads to a higher variance in the subsequent stop. Nonetheless this boarding-limit

tactic can be a complementary control action for holding to further reduce headway

variation when the demand and travel times vary randomly. Those who benefit from

the boarding-limit tactic are those who are currently on the vehicle and those who will

board the vehicle in the future. The time saving for them is dwell time. To evaluate the

additional travel time due to the applied boarding-limit tactic, the following expression

based on extra waiting time for passengers prevented to board is defined:
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W extra
k,n,r =

(
1 + gk,n,r∑N

n=1 λn,rhk,n,r

)(
hk+1,n,r +

(
1− Qk,n,r

Qmaxk,r

))
(6.23)

where gk,n,r represents the number of passengers prevented to board vehicle trip k

at stop n, and Qk,n,r is used capacity of vehicle trip k when departing stop n. The

value of (1− Qk,n,r
Qmax
k,r

) indicates the penalty for passengers who are not allowed to board

if there is available capacity. For the holding tactic the gk,n,rare assumed to take a

zero value if the vehicle capacity is not binding, however, when the vehicle capac-

ity is reached it corresponds to the number of passengers prevented from boarding

due to capacity constraints.

6.3.6 Skip-stop Control Model

In a recent study Nesheli and Ceder (2014) investigated the formulation and proper-

ties of skip-stop/segment with the change in total passenger travel time. This study

demonstrated that when a major disruption occurs, holding a vehicle, as the only tactic

used, cannot guarantee obviating headway variation and schedule deviations. It is also

the case when attempting to attain direct transfers. The skip-stop tactic comes to

assist in control of the headways. The advantage of skip-stop is for passengers who

are already aboard the vehicle and those who will board downstream. On the other

hand, it has an adverse effect on passengers who want to board at the skipped stop

and should wait for the next vehicle. This tactic is constrained by passengers who want

to get off the vehicle at a planned stop to be skipped. The skipped passenger waiting

time of vehicle trip k at stop n is described as:

W skipped
k,n,r =

(
1 + qk,n,r∑N

n=1 λn,rhk,n,r

)
hk+1,n,r (6.24)

where qk,n,r represents the number of passengers skipped and should wait for the next

vehicle to bring them to their destination. It is assumed that the next vehicle is not

allowed to skip the stop. It is also assumed that where passengers want to trans-

fer the stop cannot be skipped.
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6.3.7 Additional Travel Time

To evaluate the additional travel time (ATT ) for passengers, the model calculates the

effect of the headway-based method on headways. A change in headway will lead to a

change in passenger waiting times which is directly related to their travel times. Now

the problem is to minimize the total passenger waiting times under the conditions of

random passenger arrival, vehicle travel times, and vehicle arrival times. The ATT

of the proposed model can be written as:

ATT = min
∑
k

∑
n

∑
r

(
W stop
k,n,r +Wmissed

k,n,r +W in−vehicle
k,n,r +W extra

k,n,r +W skipped
k,n,r

)
(6.25)

6.3.8 Problem Assumptions

(i) The vehicles are operated in FIFO manner, with an evenly scheduled headway per

route.

(ii) Route information, including, travel time distribution between stops, passenger

arrival rates at each stop, and the distribution of transferring passengers are

assumed known and fixed over the period concerned.

(iii) Passengers aboard a vehicle will be informed of any action at the time of the decision

so that they can choose to alight before or after the action.

(iv) The PT drivers comply with the operational tactics instructions provided by their

communication coordinator.

(v) If there are passengers who want to disembark from the vehicle at a stop, then the

vehicle cannot skip the stops.

6.4 Simulation Analysis

The evaluation of the performance under real-time operational tactics can be estimated

with a PT system simulation model. The simulation model is discrete and not continuous.

The simulation model adopts input and parameters from real-life data so that the

performance of various control policies can be assessed under stochastic conditions.
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Figure 6.2: Flowcharts of EA simulation process: (a) Step 1, (b) Step 2, and (c) Step
3.

6.4.1 Event-Activity Process Modelling

The simulation is an event-based activity (EA) simulation. In the EA, the system changes

its state as events occur. Activities are undertaken to achieve a specified outcome or

a service. They have a duration and usually involve the use of process elements and

resources (Kelton and Law, 2000).Two events are defined to describe the possible status

of the vehicle: (i) departure of a vehicle from a stop (departure event), and (ii) arrival of

a vehicle at a stop (arrival event).Two activities are also defined to depict the process of

a PT service on the model: (i) traveling on the route between consecutive stops (driving

activity), (ii) serving passengers at a stop (dwelling activity).Transferring is considered a

part of dwelling activity at a transfer point in which missed transfers should wait for the

next vehicle. Each event is triggered every time a vehicle reaches a stop. Vehicle loads,

travel times, and position, as well as the number of passengers waiting at each stop and

transferring passengers are updated in each event. The operational tactic deployment

process then can be divided into sequence of decision stages based on events, minimize the

gaps between the planned and actual headway, and minimize the additional total passenger

travel time. In this way the implementation of operational tactics assists in reducing

not only headway variation, but also in increasing the likelihood of direct transfers. A

representation of the corresponding EA simulation process is shown in Figure 6.2.
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6.4.2 Simulation Environment

The simulation software ExtendSim8 (ExtendSim, 2008), has been used to simulate the

network. In the simulation, passengers arrive randomly following a Poisson distribution

with mean λn,r at each stop. This distribution is common in service with headways of

less than 12 min (Jolliffe and Hutchinson, 1975, Okrent, 1974). The boarding process

follows a FIFO discipline. Thus, the earliest arriving passenger will be the first to board a

vehicle if there is available capacity or will have to wait for the next vehicle if unavailable.

The simulation model considers the vehicle travel times between two adjacent stops as

a random variable with a log-normal distribution; LN(µ, σ2) that has been commonly

used in previous studies (Andersson et al., 1979, Hickman, 2001). In the dwelling process,

boarding and alighting take place at different doors. In the simulation, each passenger

contributes the same marginal times when boarding and when alighting. The total dwell

time is then estimated as the maximum time between these two processes.

6.5 Case Study

The proposed model for real-time tactics deployment was applied to examine real-life bus

routes in Auckland, New Zealand. A case study for the Auckland region was based on AT

(Auckland Transport) data, which consisted of the PT network, AT- HOP cards (Auckland

Integrated Fares System), and a PT demand forecast. All buses of the Auckland transport

network are equipped with AVL and GPS systems. These data are used to analyze bus

travel times and headway adherence (to implement operational tactics). This means that

real-time information on bus locations can be used to predict bus arrivals at the transfer

points and to determine bus headway deviations. Analysis was carried out on three bus

routes and two transfer points. The first route, known as Northern Express (NEX), has

a dedicated lane that runs from the suburbs to and across the Auckland CBD area. It

transports a very large number of passengers during peak hours and serves 10 stops. The

second route, Route 858, runs north-south (east of the first route), and serves 63 stops;

and the third route, Route 880, is a loop that serves as a feeder route with 62 stops.

Routes 880 and 858 intersect at transfer point one on Bute Road, Browns Bay. Routes

NEX and 880 connect at transfer point two at the Constellation Bus Station, Albany.
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6.5.1 Control Policy and Scenarios

We tested and compared three different control policies. The first policy, No-Tactics, was

used for comparison purposes. That is, the vehicles are dispatched from the terminal at

a designed headway, without taking any control action along the route. By this policy,

because of headway variation, direct transfers occurred infrequently. The second was the

combination of Holding and Boarding-Limit policies. The last was the combination of

Holding and Skip-Stop policies. In order to increase the likelihood of direct transfers, for

both TBC policies, the rate of changes in Equation 6.14 was monitored and recorded at

different locations before the transfer points. This enables investigation of the probability

of vehicles meeting at transfer points. As summarized in Table 6.1, two scenarios were

tested to evaluate and compare the proposed model under different operational conditions.

These scenarios differ in service headways, which can be high frequency services (i.e.,

short headways), or medium frequency services. Average number of passengers per cycle

time for the three routes (NEX, 858. 880) are, 312, 1252, and 951, respectively, and

average number of transferring passengers is 18 passengers for two transfer points.

Table 6.1: Simulation scenarios

Route- headway (min)
Scenario Frequency R1(NEX) R2(858) R3(880)
1 High 5 7 5
2 Medium 10 12 10

6.5.2 Simulation Analysis

The proposed model was applied to the case study. Boarding and alighting times per

passenger were set at 2.5 and 1.5 seconds, respectively. Vehicle capacity was given as

60 passengers, with 40 seated and 20 standing. Furthermore, vehicle headways, vehicle

travel time distribution between stops, and passenger arrival time distribution are set per

route. For every combination of polices and scenarios, 20 simulation runs were carried

out, each of them representing four hours of bus operations. The maximum hold time

used in all scenarios was 180 seconds, subject to the length of headways, and the average

hold time was 39 seconds. The minimum and maximum headway variations, as the

boundary for triggering an intervention were set to ±20%.
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6.6 Analysis of Results

The performance of the Auckland system was evaluated by means of total passengers

waiting time. System reliability is represented by headway variance, which is calculated

across all vehicle trips and stops, undoubtedly lower headway variance results in lower

passenger wait times and indicates greater system reliability. Subsequently, for each

scenario, four performance measures are used in comparing all policies: total waiting time

for passengers; average cycle time, headway variation and the percentage of DT . The

efficiency of the system was evaluated by means of control strength for different reduction

levels. Thus, the best control strengths, as shown in Table 6.2, were set to earliness α, and

tardiness β, considering the greater reduction in total waiting times for passengers.

Table 6.2: Summary of the results

DT(%)
Scenario Policy Control

strength
Total
waiting
time(s)

Avg.
cycle
time (s)

CV(h) Simulation Improvement

1
None - 9156.87 7565 0.63 26.58 -
H-BL α = 0.75

β = 0.75
3251.94 6859 0.25 55.6 115.50

H-SS α = 0.75
β = 1

3543.53 6881 0.27 58.2 125.58

2
None - 11368.62 7740 0.68 24.18 -
H-BL α = 0.75

β = 0.5
4698.65 7092.4 0.28 57.9 140.25

H-SS α = 0.75
β = 1

4358.36 6923 0.24 59.3 146.06

Note: H= holding; BL= boarding-limit; SS= skip-stops; CV= coefficient of variation;
DT= direct transfer.

From Table 6.2, it is possible to draw an immediate conclusion that applying the

combination of selected tactics improved overall system performance. Interestingly, with

this control policy, not only are the expected total waiting times reduced (on average

by 61%) in comparison with a no-control policy, but it also outperforms other control

schemes in terms of reliability in meeting vehicles at transfer points. Thus, the tactics

policies lead to an increase in direct transfers of up to 146% on the average for all

scenarios. The findings also revealed that the use of tactics in the headway-based model

does improve the system cycle time and presents the lowest cycle time (on the average

by 9.3%) over the no-tactics policy. The reduction of cycle time, from the operator’s
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perspective, can potentially improve the fleet management to provide a given frequency.

As Table 6.2 shows, the substantial reductions in the coefficient of variation of headways

are achieved by the TBC policies. That is, the coefficient of variation of headways was

less than 0.3 when utilizing tactics. This indicates that regular service results in shorter

passenger waiting times and increases the direct transfers.

In the high frequency scenario, the results show a somewhat superior outcome for the

holding and boarding-limit policy than for holding and skip-stops. However, the find-

ings show that the holding and skip-stops policy for a medium frequency results in

better performance than the holding and boarding-limit policy. This indicates that

applying an appropriate combination of tactics in the related scenarios leads to con-

siderable progress in PT service.

6.6.1 Control Effectiveness

Control effectiveness was compared in terms of reduced passenger waiting time. Identi-

fying and understanding the effects and attributes of the model on passenger waiting

time helps to ensure appropriate control strategies. This can be observed graphically in

Figure 6.3, which illustrates the effect of the model on the average stop waiting time,

missed waiting time, in-vehicle time, extra waiting time, and skipped waiting time with

both scenarios. The result shows the greatest reduction in stop waiting time, 33.4%, is

achieved by boarding-limit policy when the system is operating in the high frequency

scenario. On the other hand, this policy resulted in significant increases in in-vehicle

time, by 11.87%, in the medium frequency scenario.

It may also be observed from Figure 6.3 that with a medium frequency, holding and

skip-stops policy contributes to a higher percentage of direct transfers. That is, the

maximum number of direct transfers, using tactics, coincides with the minimum missed

time. Again, the finding is consistent with the previous section that holding and

boarding-limit policy, and holding and skip stops policy, yielded better performance

in high and medium frequencies, respectively.
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Figure 6.3: Tactics effectiveness with two scenarios.

6.6.2 Headway Distribution

In addition to the evaluation of total waiting times for different scenarios, it is also

possible to monitor the headway variation for a typical simulation run. The headway

irregularity may result in increased passenger waiting time and lead to missed transfers.

The simulation results illustrate the headway frequency distribution, over hours of the

day and stops along a route. Figure 6.4 shows an example of headway distribution

before and after applying the tactics. Route 880 is selected because this route is the

feeder route of the case study and has two transfer points at stops 20 and 39, which

allows for investigating direct transferring that appears with five-minute headway. The

distributions are composed of all the headways between successive buses at all stops.

For the TBC policies, the model shows close density for planned headway compared

with no-tactic policy. Accordingly, Figure 6.4 shows that holding and boarding-limit

policy yielded more regular service with a close headway distribution than for planned

headway by a coefficient variation of 0.28.

6.7 Conclusions

A new real-time tactic-based control (TBC) procedure to increase the service reliability

and actual occurrence of synchronized transfers in headway-based PT system has been

developed. The procedure aims at minimizing additional travel time for passengers and
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Figure 6.4: Headway distribution of Route 880, under various control policies.

reducing the uncertainty of meetings between PT vehicles. This work examined three

control policies: no-tactics, holding and boarding-limit, and holding and skip-stops under

two scenarios: high frequency and medium frequency services. The following general

conclusions have been obtained from the simulation results:

• If possible, a combination of tactics should be applied to attain a considerable

reduction in additional passenger travel time, and to outperform reliability in

meeting vehicles at transfer points. Holding tactic for earliness, boarding-limit

or skip-stops tactics for tardiness are quite beneficial with respect to control

effectiveness.

• The presented headway based control model shows significant benefits in relation to

the holding and boarding-limit, and holding and skip-stops over no-control policy

in both scenarios.

• Compared with a no-control situation, the control policy presented shows that not

only the expected additional total travel time is reduced (on average by 61%), but

it also outperforms other control schemes in terms of reliability in meeting vehicles

at transfer points. Thus, the TBC procedure leads to an increase in direct transfers

of up to 146% on the average for all scenarios.
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• In addition, the results demonstrate that holding and boarding-limit policy in high

frequency service yield the better result. On the other hand, holding and skip-stops

policy exhibit better performance in medium frequency service.

• A considerable improvement in direct transfers is attained in holding and skip-stop

control policy. This indicates that this control policy is fairly robust to increase

the likelihood of direct transfers.

Finally, the assessment of the framework presented in real life implementation would

be based on advanced communication technologies, AVL, and automatic passenger

count data. Future research, on which the authors have already been working, includes

validation of some of the assumptions made, new control measures to develop the library

of operational tactics, especially with the advancement of current technologies, the

utilization of sensitivity analysis of different tactics, the introduction of a decision-

support tool to provide information before implementing any control actions (controlling

demand side), and evaluating the quality of the framework presented in a simulation

model for more complex PT networks with different transfer types.

The effect of using the library of tactics in reducing the undesirable environmental

impact is investigated in the next chapter.
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7.1 Abstract

Public Transport (PT) systems rely more and more on online information extracted from

both operator’s intelligent equipment and user’s smartphone applications. This allows

for a better fit between supply and demand of the multimodal PT system, especially

through the use of PT real-time control actions/tactics. In doing so there is also an

opportunity to consider environmental-related issues to approach energy saving and

reduced pollution. This study investigates and analyses the benefits of using real-time PT

operational tactics in reducing the undesirable environmental impacts. A tactic-based

control (TBC) optimization model is used to minimize total passenger travel time and

maximize direct transfers (without waiting). The model consists of a control policy

built upon a combination of three tactics: holding, skip-stops, and boarding limit. The

environmental-related measure is the global warming potential (GWP) using the life
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cycle assessment technique. The methodology developed is applied to a real life case

study in Auckland, New Zealand. Results show that TBC could reduce the GWP by

means of reduction of total passenger travel times and vehicle travel cycle time. That

is, the TBC model results in a 5.6% reduction in total GWP per day compared with

an existing no-tactic scenario. This study supports the use of real-time control actions

to maintain a reliable PT service, reducing greenhouse gas emissions and subsequently

moving towards greener PT systems.

7.2 Introduction

On the global scale, transport activity for both passengers and freight is growing rapidly

and is expected to double by 2050 (IEA, 2009). Internationally, increased attention has

been directed towards green transportation as governments are faced with the onset of

climate change. The environmental impacts of transportation systems are considerable,

accounting for 20% to 25% of the world’s energy consumption yearly (Zhou et al., 2010).

Energy use in the transportation sector (i.e., gasoline, diesel, or liquefied petroleum gas,

with most vehicles being operated with gasoline or diesel), has made a major contribution

to the deterioration of urban air quality and is responsible for a significant amount of

greenhouse gas (GHG) emissions, which include: carbon dioxide (CO2), methane (CH4),

nitrous oxide (N2O), chlorofluorocarbons (CFCs), and sulfur hexaflouride (SF6).

The rise in transport use of energy has resulted primarily from increased use of the

private car for personal transport (Potter, 2003). Technological developments such as fuel-

efficient vehicles and alternative energy sources provide a means to address this concern,

though current efforts fall short of counterbalancing the impacts of this growth (Rode and

Burdett, 2011). Therefore, it is desirable to provide travelers with a viable alternative

to private cars. Undoubtedly, the use of public transport (PT), being accountable for

only a fraction of the total emissions, can help make transportation more economical

and efficient in terms of use of resources (Hassold and Ceder, 2014). However, in terms

of reliability, efficiency, and environmental impacts, PT itself has great potential for

improvement (Beirão and Cabral, 2007, Hassold and Ceder, 2014, Keirstead et al., 2012,

Kimball et al., 2013, Nesheli and Ceder, 2014).
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Due to the fact that most PT attributes (travel time, dwell time, demand, etc.) are

stochastic, the passenger is likely to experience unplanned waiting and trip times.

This uncertainty (especially for buses) will create the undesirable vehicle-bunching

phenomenon, unproductive service, increase of passenger waiting and travel times, and

of passenger frustration. Inefficient PT operation not only causes a loss of existing

and potential passengers, but also leads to major detrimental impacts on environmental

aspects and resources. Principally, one of the most challenging problems of transportation

planning is how to shift a significant amount of car users (who consume the highest

percentages of the energy used for transportation) to PT in a sustainable manner.

Findings show that in order to increase PT usage, the service should be considered in a

way that provides the levels of service required by passengers and by doing so, attract

potential users (Beirão and Cabral, 2007). Following Hanaoka and Qadir, the need

to attract people from personal automobiles to PT is vital for achieving a sustainable

transport system (Hanaoka and Qadir, 2009). Levinson demonstrates that a reliable

transit service is essential for attracting and retaining riders, principally in modern

societies, which make many transportation options (Levinson, 2005) available. As

shown in Ceder, an attractive, advanced PT system that operates reliably and relatively

rapidly, with smooth (ease of) synchronized transfers, constitutes part of the door-to-door

passenger chain (Ceder, 2007, 2015).

A vast amount of research has been conducted on how to optimally or efficiently utilize

the PT system. One efficient approach to alleviating the uncertainty of the PT service,

such as simultaneous arrival of vehicles at a transfer point, and rectifying the service

irregularity is to use real-time operational control actions (tactics), like holding, skip-stop,

and short-turn. Daganzo showed that without interventions (i.e., control actions), bus

bunching was almost inevitable regardless of the driver’s or the passengers’ behavior

(Daganzo, 2009). With regard to transfer reliability, some recent studies show that

applying certain operational tactics can significantly increase the number of direct

(simultaneous) transfers and reduce total passenger travel time (Hadas and Ceder, 2010a,

Liu et al., 2014, Nesheli and Ceder, 2014, 2015b).

With respect to using the intelligent transportation system (ITS) and environmental

impacts, the European Commission published a comprehensive qualitative analysis

of the potential of ITS technologies for reducing greenhouse gas emissions related to

road transport and suggests that more research on the energy-reducing capacity of ITS
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applications is required (Bani et al., 2009). Dessouky et al. (1999) show the potential

benefits of real-time control of timed transfers using intelligent transportation systems

(ITS). The results showed that advanced technologies were most advantageous when

there were many connecting buses - the schedule slack was then close to zero.

In New Zealand, the transportation sector is responsible for producing more than 40%

of the CO2 emissions and it is the fastest growing source of greenhouse gas (GHG)

emissions (Macbeth, 2004). A recent study shows that private vehicle transport in New

Zealand is less energy-efficient and produces 65% of CO2 emissions in comparison with

15.8% of CO2 emissions from the whole PT sector (Ministry, 2013). The key findings

of the Auckland Regional Council show that providing efficient PT system combined

with some improvements to the road network will be a key element to limit growth in

private care use and will be more effective in reducing growth in CO2 emissions (AT,

2013). The Auckland Transport Regional Public Transport Plan (AT, 2013) was created

for the purpose of developing an integrated transport network to provide Aucklanders

with a sustainable transport system in a safe, integrated and affordable manner. This

plan shows the intensive discussion conducted on various issues relating to PT systems

of the future. Indeed, a major focus over the next decade will be on enhancing the

PT system. Thus, there is need to investigate the performance of Auckland’s PT

system to meet sustainability goals.

Although extensive research has been conducted to analyze PT movements at control

points, there has been no specific analytical study dealing with environmental impacts

related to real-time control actions. There is a need, then, to assess the effect of applying

real-time tactics on environmental factors. To date, life cycle assessment (LCA) tools have

generally been used for knowledge generating studies either as standalone quantification

tools or for comparisons of different alternatives. LCA studies of the environmental

impacts of road vehicles showed that a running vehicle consumes 80%-90% of total life

cycle energy use (IEA, 1993). This means that other stages of its life cycle, (i.e., production

and processing of materials, vehicle manufacture, maintenance and disposal stages) are

relatively insignificant compared to the energy consumed and emissions produced when

vehicles are in use. The research is undertaken in two phases: (a) an assessment of

the performance of the PT system before and after implementation of real-time control

actions (tactics), (b) an evaluation of the environmental impacts of the PT system before
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and after utilizing real-time control tactics. This study will provide PT agencies with

evidence to support sustainable transportation and move towards a green PT system.

Objective: The objective is to develop an efficient and environmentally sustainable method

for policymakers to operate PT networks through the use of operational tactics. The

method enables agents to make PT systems greener and more reliable. This will certainly

make the PT service more attractive, efficient, and thus, will encourage people to leave

their car at home and use the PT service. To the authors’ knowledge, the present study

provides, for the first time in the literature, a description of environmental aspects of

real-time control actions at the operational level.

The following section provides more information on the environmental impacts of PT

systems. Afterward, the LCA framework and its definitions are described. The methods

used for a process of real-time control actions to maintain the scheduled headway, and

thus for achieving maximal transfer synchronization, are briefly presented before the

introduction of a case study and associated results. Finally, the paper provides a

discussion and conclusions, including an outlook on future research in this area.

7.3 Methodology

To examine the potency of using a real-time control method for reducing environmental

impacts we developed a two phase methodology:(1) constructing a real-time PT tactic-

based control (TBC) system using three tactics: holding, skip-stops, and boarding

limit, (2) designing a LCA process to evaluate the environmental impacts of the PT

system before and after the operational use of TBC. The two phases are explicated

as follows. Figure 7.1 shows the methodology.

7.3.1 Real-time Control System

According to the methodology introduced in Nesheli and Ceder (2014), a real-time control

method is considered for the reduction of the uncertainty of a PT system. The objective is

to minimize the total passenger travel time, TPTT, and in this way, to maximize the total

number of direct transfers, DT. The minimization of TPTT and occurrence of DT ensures

that the level of service is satisfactory and passengers do not have to endure unappealing
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Figure 7.1: Overview of the methodology; Phase 1: Tactic-based control (TBC) and
Phase 2: Life cycle assessment (LCA).

waiting times. Moreover it allows for efficient operation of the vehicles used by delivery

of the regular service. The algorithm uses a real-time approach under simulation &

optimization-based framework. The methodology commences by the use of the event-

based simulation tool, ExtendSim (2008) to represent a real-life example and to generate

random input data for the proposed optimization model. Then standard optimization

software, ILOG (IBM, 2012), is used to optimally solve a range of different events

determined by the simulation runs. Finally, more simulation runs are made, containing

the tactics determined by the optimization program, so as to validate the results attained

by the model. Therefore, a library of tactics can be constructed and applied in order to

bring about system improvement. The formulation of the problem is given as follows:

State Variables:

ln,r Passenger load of route r at stop n

bn,r The number of passengers boarding on route r at stop n

an,r The number of passengers alighting on route r at stop n

pn,rx The number of passengers transferring from route r to route x at stop n

dn,r Vehicle dwell time of route r at stop n (in seconds)

Hr Vehicle headway of route r

mr Maximum total number of stops of route r
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Tr Vehicle schedule deviation of route r

Ωn,r Time penalty function of route r at stop n

Decision Variables:

HOn,r Vehicle holding time of route r at stop n

Sn,r Vehicle skipping stop of route r at stop n; if stop skipped= 1, otherwise= 0

BLn,r Vehicle boarding limit of route r at stop n; if stop boarding limited= 1, otherwise=

0

Yn,rx Possible transferring from route r to route x at transfer stop n, pre-tactics; if a

possible transfer occurs= 0, otherwise= 1

Zn,rx Possible transferring from route r to route x at transfer stop n, post-tactics; if a

possible transfer occurs= 0, otherwise= 1.

7.3.2 Assumption

It is assumed that the vehicles are operated in FIFO manner, with an evenly scheduled

headway per route. Route information, including travel time distribution between stops,

estimation of passenger arrival rates at each stop, and average number of transferring

passengers are assumed to be known and fixed over the period concerned. It is also

assumed that passengers aboard a vehicle will be informed of any action at the time of

the decision so that they can choose to alight before or after the action.

7.3.3 Optimization Problem Formulation

The problem is formulated as a mixed-integer programming (MIP) problem. Optimiza-

tion programming language (OPL) using ILOG (IBM, 2012) allows us to execute the

optimization problem to optimally solve the value of each decision variable. Each of the

three waiting times associated with the tactics are weighted by δ1, δ2, and δ3.

(a) Holding

The effect of holding tactic on the change in total passenger travel time with respect
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to route r and stop n is:

∆TPTT (Holding)n,r = HOn,r

[
δ1(ln,r + bn,r)− an,r +

mr∑
i=n+1

(
bi,r

+
∑

x∈R,x 6=r
(1− Zi,xr) pi,xr

)
+

∑
x∈R,x 6=r

(
(1− Yn,xr) pn,xr − pn,rx

)] (7.1)

(b) Skip-stops

Skip-stops encompasses both skip-stop and skip-segment tactics. Consequently the

effect of the skip-stops tactic on the change of the total travel time for route r and

stop n is:

∆TPTT (Skip− stops)n,r = Sn,r

[
δ2

(
an,rΩn,r + bn,r(Hr − Tr)

)

− dn,r

(
ln,r +

mr∑
i=n+1

(
bi,r +

∑
x∈R,x 6=r

(1− Zi,xr) pi,xr

))] (7.2)

(c) Boarding-limit

Boarding-limit tactic can be a complementary control action for holding to further

reduce headway variation when the demand and travel times vary randomly. Those

advantaged by boarding-limit tactic are those who are currently on the vehicle and

those who will board the vehicle in the future. The time saving for them is dwell

time. The effect of boarding-limit tactic on the change in total passenger travel

time with respect to route r and stop n is:

∆TPTT (Boarding − limit)n,r = BLn,r

[
δ3

(
bn,r(Hr − Tr)

)

− dn,r

(
ln,r +

mr∑
i=n+1

(
bi,r +

∑
x∈R,x 6=r

(1− Zi,xr) pi,xr

))] (7.3)

(d) Transfers

It is possible to measure the effect of making or missing synchronized transfers

on the change in total passenger travel time by the definition of direct transfers.

Therefore, a direct transfer occurs if the following holds:

Yn,rx + Yn,xr = 0 (7.4)
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Zn,rx + Zn,xr = 0 (7.5)

The real-time transfer problem is formulated as follows:

∆TPTT (Transfer)n,r =
∑
x∈R

[
pn,rx(Zn,rx − Yn,rx)(Hx − Tr)

]
(7.6)

(e) Objective function

The objective function of the proposed model can be written as:

min
∑
n∈N

∑
r∈R

∆TPTT
(
Holdingn,r + Skip− stopsn,r

+Boarding − limitn,r + Transfern,r

) (7.7)

(f) Constraints

• The transfer points cannot be skipped.

• Tactics cannot be applied on stops that a vehicle is not going to or which

have already passed.

• It is not allowed to skip the first stop.

• Skipping, boarding-limiting, and holding are not allowed at the same stop.

• The maximum holding time is not more than half the headway of the route.

• If a transfer occurs in the pre-tactics situation, the same apply to a with-tactics

situation.

• If direct transferring is possible without the use of any tactic, there is no need

to interfere.

• If the use of tactics does not result in a transfer, no tactics are applied.

• To restrict the number of passengers aboard (capacity-based) when the vehicle

departs the stop, checking constraint is introduced.

With a set of optimal value tactics, the algorithm can not only reduce the passen-

ger travel time, but also ensures that the direct transfer occurs with respect to the

objective function. Effects on PT system efficiency and total energy use will be ex-

amined in the following section.
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Figure 7.2: Life Cycle Assessment Framework.

7.3.4 Environmental Impact

LCA is a systematic process by which the energy requirements and environmental impacts

of product systems are calculated from raw material acquisition to final disposal. Inputs

and outputs are accounted for during various stages of a product’s life cycle (ISO, 2006).

A LCA is carried out based on two sets of standards - the ISO 14040: 2006 and ISO

14044:2006. This process consists of four main stages: goal and scope definition, life

cycle inventory analysis, life cycle impact assessment and life cycle interpretation (ISO,

2006). Figure 7.2 illustrates the statements.

The ISO 14040-series contains:

• 14040: Principals and framework;

• 14041: Goal, scope and inventory analysis;

• 14042: Impact assessment;

• 14043: Life cycle interpretation.

Life cycle inventory (LCI) is one element of LCA that deals with quantifying the inputs

and outputs of other stages. Life cycle impact assessment (LCIA) is another stage that

calculates the impact of inputs and outputs which are assigned to different environmental

impact categories. The characterization factor is used to calculate the contribution of each
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of the constituents for different environmental impact categories (climate change, ozone

depletion, eco toxicity, human toxicity, photochemical ozone formation, acidification,

eutrophication, resource depletion, and land use) (Cabeza et al., 2014).

The LCA software GaBi has been used to assess the environmental impacts. GaBi is a

process-based model and software. It uses an integrated products database developed

through industry reviews and technical literature (Eyerer, 2006). GaBi is implemented

alongside CML 2001, an impact assessment methodology. CML is a problem-oriented

approach that assesses inventory flows for the impact categories (GaBi, 2014).

7.3.5 LCA Framework

Goal definition: The main goal of the study is to identify key issues associated with

the life cycle of the PT system operation process. The secondary goal is to provide

policymakers and PT operators with suggestions on how to more efficiently operate PT

systems for energy conservation, emission reduction, and sustainable development for

the entire transportation sector. Following are the specific objectives:

• Determining the environmental implication of the PT system operation in conven-

tional situation, no-control system, and TBC system.

• Analyzing and comparing the LCA environmental impacts of the two scenarios.

The first objective informs environmental design improvement initiatives by providing

detailed information about the environmental impact of each model. The second objective

was defined as a specific focus within the LCA study because TBC method is actively

investigating the best operation strategy for PT.

Scope: The aim of the study consists of all possible processes from start gate to end gate

during one working day of the PT system at the operation level within practical limitations.

The inventory inputs and outputs of the service include the following stages:

• The system underlying the model is a transit network consisting of main and feeder

routes. Transfers occur at separate transfer points for each route.

• A service is made up of a collection of trips. Each trip represents a single run,

based on a certain departure time, along the series of stops on the route.
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• In the network, passengers arrive at stops randomly (passenger/minutes).

In this paper, LCA is applied with restricted boundaries, such as assessing the operation of

a single day, and thus, does not implement the full LCA cradle-to-grave methodology.

Functional units, life cycle inventory impact assessment: The functional

unit of the PT system can be defined as passenger-kilometer. The inventory

involves the type of bus driven, the consumption mix and the engine size using

GaBi database (GaBi, 2014).

7.4 Case Study

The proposed method has been applied to a real-life case study from Auckland, New

Zealand. Data are based on an existing bus network in one section of Auckland. Buses

accounted for 76% of all PT boardings in Auckland in 2012 (Balcombe et al., 2004).

As Figure 7.3 illustrates, the selected network consists of three bus routes and two

transfer points. The first route with a dedicated lane runs from the suburb across the

CBD area and has quite a high number of passengers during peak hours. The second

route runs north-south (east of the first route), and the third route is a loop that serves

as a feeder route. Running times and passenger loading data are based on smartcard

transactions. This method provides rather accurate information about ridership and

transferring passengers. Data errors and missing information, (i.e., card-reading errors

and cash paying passengers), are controlled in a way that tends to overestimate ridership.

That is, cash-paying passengers or passengers failing to swipe their card when alighting

are assumed to travel the maximum distance and get off at the final stop. In the dwelling

process, boarding and alighting take place at different doors. In the simulation, each

passenger contributes the same marginal time when boarding and when alighting. The

total dwell time is then estimated as the maximum time between these two processes.

Boarding and alighting times per passenger were set at 2.5 and 1.5 seconds, respectively.

Vehicle capacity was given as 60 passengers, with 40 seated and 20 standing. The vehicle

speeds at which the buses travel at are limited to the class of the road, CBD or none-CBD,

and the time period - peak or non-peak hours. In this study, on the average, the bus

speeds in the CBD are 16kph, and 45kph in non-CBD.
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Figure 7.3: Bus system and the study routes, Auckland, New Zealand.

The case examines the data for a whole day with 16 hours of service. Two cases have

been examined: one with no-tactics control policy, and the other with the combination

of three real-time, tactic-based control policies modelled. To establish comparability of

the two scenarios, it is assumed that the PT network was synchronized (at the planning

stage). The objective of the optimization process was to attain a better synchronization,

considering the changes in travel times that might result from traffic congestion or

changes in passenger demand for operation level.

7.5 Analysis and Results

7.5.1 Analysis of TBC Model

The performance of the case study was evaluated by means of total passenger travel

time, missed transfers, average cycle time and the percentage of bus bunching occurring.

The PT network has been simulated for handling the concept of synchronized transfers

and generating input data for optimization. The mathematical formulation was coded

in OPL using ILOG (IBM, 2012) and implemented on an Intel CoreTM i5− 2500 CPU
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@ 3.30 GHZ and 8.00 GB RAM. The execution time of the procedure varies from 7-12

seconds for a proposed PT system model with 133 stops in the Auckland data. Such a

small computation time clearly meets the needs of a real-time control system. Results

of the system performance for both scenarios are shown in Table 7.1.

Table 7.1: PT system performance

Policy
TPTT

(passenger-kilometer)
Missed transfer

(passenger-minutes)
Avg. cycle time

(minutes)
Bunching

(%)
None 341,770.70 23111 166.9 32.4
TBC 322,634.91 1337 145.5 8.1
Note: TBC= holding, boarding-limit, skip-stops

Total passenger travel time: The effect of the TBC method on the change in the

total passenger travel time indicates that an efficient PT system will save passengers

travel time and lead to energy saving. The results revealed that the TBC process does

improve system performance considerably, by 5.6%.

Missed transfer: Missed transfer is one of the undesirable features of the PT service

and increases frustration of passengers. Missed connections of a transfer service will not

only dissatisfy current passengers, but also a cause of discouragement for potential new

users. Thus, this unreliability results in a decreased number of PT users or shifting to

private cars, whereas the smaller passenger occupancy of vehicles leads to an increase in

the environmental impacts. The finding shows that by applying TBC method, missed

transfers can be decreased by 94%.

Average cycle time: Obviously reducing vehicle kilometers travelled leads to reducing

total energy consumption. The findings indicate that TBC method improves aver-

age cycle times by 13%.

Bunching: Vehicle bunching takes place when headways between vehicles are irregular.

The bunching indicates that the bunched buses may result in empty seat trips and increase

inefficient operation for the individual vehicles. Bunching ultimately leads to an increase

in total fuel consumption. The results of the case study show that using TBC method

with the real- time control actions can reduce the bunching of the vehicles by 75%.
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Figure 7.4: Global warming potential of no control and TBC method.

7.5.2 Analysis of Environmental Impacts

The main results of the environmental impacts of both cases are summarized in Figure

7.4. The transport process is computed by means of the GaBi dataset and a revised

version of the CML2001 dataset method (2013 version) (GaBi, 2014). For this study,

the Scania K320, and ADL - E200, which are used in the Auckland PT system, have

been selected. These buses are considered environmentally friendly with a Euro 5+

emissions standard. The functional unit of an operation system is passenger-km that is

identified as a kilometer distance where one passenger moves it. The inventory-vehicle

diesel Euro 5, passenger car, consumption mix, engine size more than 2L is chosen for

life cycle inventory from GaBi database (GaBi, 2014). Impact assessment was carried

out by using GaBi LCA software, employing CML2001 methodology. For the purpose

of this paper, only characterization results for global warming potential (GWP100) are

presented. This category was chosen for two reasons: (1) global warming is a significant

issue for businesses and the environment, and (2) other categories follow a similar pattern

of results to that of the GWP100 category.
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7.6 Conclusion

Within this paper we analyze the benefits of implementing a real-time operational

tactic scheme for the purpose of reducing the environmental impacts of PT systems.

Accompanying the methodological development, we present a case study for Auckland,

New Zealand using a local bus transportation network.

Reductions in TPTT, missed transfers, average cycle time, and bunching highlight the

efficiency improvements that can be achieved for the local transportation system when

using real-time operational tactic control. In addition to improving energy efficiency,

it is taken into consideration that minimizing these PT factors will improve customer

satisfaction, helping to retain and even attract passengers away from heavily polluting

private transportation (cars) towards more energy-efficient PT systems. Using LCA,

we show that by applying the TBC model a 5.6% reduction in total GWP per day is

attained compared with the no-tactic scenario.

The methodology introduced in this paper has a wide range of applications for PT systems

in different geographic settings. Extensions of the work include: (i) Implementation of

the LCA methodology to evaluate other environmental factors, including: acidification,

eutrophication, and ozone-depletion; (ii) Extension of the methodology to evaluate the

implications of real-time control savings on a multimodal transport system; (iii) The

development of methodology and analyses to evaluate the full environmental and cost

benefits of retrofitting local bus services with control systems for applying TBC.

In implementing this study we make use of the GaBi database which contains datasets

understood to be limited in scope. (For example, they do not contain the exact bus

characteristics as they are operated in the city of Auckland.) Thus, in developing

this study we have made a number of assumptions regarding vehicle types. Other

assumptions have been highlighted for the TBC scheme. Despite these limitations,

we believe that this study makes a valuable contribution, not only in terms of the

integration of PT control methodology with the LCA approach, but also by demonstration

with real-world operational data.

This study provides evidence to support the use of real-time control actions to main-

tain a reliable PT service, reducing greenhouse gas emissions, and subsequently mov-

ing towards greener PT systems. Given these benefits, there is real potential for the
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TBC model to be deployed in real life, providing a major advantage for PT opera-

tors, policymakers and PT users.

The next chapter investigates the effect of implementing real-time tactics on passen-

gers’ perceptions and decisions (the demand side) as complementary to the opera-

tional side (i.e., Chapters 2-6)
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8.1 Abstract

An important step in the development of an integrated system is for policy-makers and

public transport (PT) operators to remove the uncertainty of PT service performance

in real-time. Implementing proper control actions, such as tactics, leads to reducing

passenger waiting time and preventing missed transfers. These two undesirable features

are major contributors to PT’s negative image. However, there has been no specific

investigation of the effect of implementing tactics on passengers’ perceptions and decisions

(demand side). This paper presents the results of a qualitative and quantitative study

of PT users to obtain a deeper understanding of travelers’ attitudes toward transport

uncertainty and to explore perceptions of real-time operational tactics on PT service

quality. The study is undertaken in two-parts: (a) assessment of the effects of delay on PT

users’ perception and decision to change route or mode; (b) evaluation of users’ decision

183
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based on various real-time operational tactics. To investigate users’ perception and

decisions related to various operational tactics, a user-preference survey was conducted

at a major terminal in Auckland, New Zealand, and Lyon, France. The survey data was

modeled following a Multinomial Logistic Regression and a decision-tree-based method.

The statistical analysis emphasized that, in various situations (e.g., waiting at a stop for

more than 10 minutes), more than 60% of the travelers will change their decision and adapt

travel behaviors based on a decision-support tool. The findings provide policy makers

with an understanding of the behavioral aspect of real-time operational tactics.

8.2 Introduction

The need to attract people from personal automobiles to public transport (PT) is

paramount for achieving a sustainable transport system (Hanaoka and Qadir, 2009).

PT agencies have adopted a common tactic of developing an integrated, effective multi-

modal transport system in order to provide travelers with a reliable alternative to

private cars. Improving PT service reliability is one of the most important tasks in

PT planning and operations. Unreliable PT services have been found to be one of

the main reasons for the considerable reduction in PT service attractiveness (Ceder,

2007, 2015). As a result, continued unreliable PT service will not only frustrate existing

passengers, but will also cause the loss of potential new users. Ceder (2007, 2015)

showed that attractive, advanced PT was a system that operated reliably and relatively

rapidly, with smooth (ease of) synchronized transfers and constituted part of the door-

to-door passenger chain. Levinson (2005) demonstrates that reliable transit service

is essential to attracting and retaining riders, principally in modern societies, where

many transportation options are available.

Balcombe et al. (2004), in a practical UK transit guide, reported that in passengers’

perception, the reliability of local bus services is considered twice as important as the

element of frequency. Because of some uncertain and unexpected factors, such as traffic

disturbances and disruptions, inaccurate PT-driver behavior and actions, and random

passenger demands, a pre-planned, scheduled PT service does not always materialize,

especially synchronized-transfer service. Iseki and Taylor (2009) argued that PT users’

perceived waiting time has been shown to be more onerous than the actual waiting time

and is dependent on waiting conditions, such as personal safety, connection reliability,
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and comfort. Vincent (2008) showed that transit passengers perceive unexpected waiting

time to be 3 to 5 times more burdensome relative to in-vehicle time. A recent study

by Ceder et al. (2013a) investigated the effects of uncertainty in out-of-vehicle times

during transfers on PT users’ willingness to use transfer routes. Their findings show

that increasing consistency in out-of-vehicle times will increase the attractiveness of

transfer routes, thus enabling a more efficient, integrated network of PT routes to result

in the enlargement of ridership. One efficient approach to alleviate the uncertainty of the

simultaneous arrival of vehicles at a transfer point and to correct schedule deviations is to

use selected operational tactics, such as holding, skip-stop, and short-turn. Studies (Ceder

et al., 2013b, Hadas and Ceder, 2010a, Nesheli and Ceder, 2014) show that applying

certain operational tactics can significantly increase the number of direct (simultaneous)

transfers and reduce total passenger travel time.

Hanaoka and Qadir (2009) investigated bus passengers’ behavior and perceptions of the

use of potential features of an automatic vehicle-location (AVL) system in bus transit.

The study involved an attitudinal on-board survey to understand respondents’ behaviors

in Bangkok. The work focused on measuring the effects of a bus-holding strategy using

AVL technology in bus operation utilizing a simulation model. Concerning passengers’

information systems, Eboli and Mazzulla (2012) argued that a high-quality information

system was an essential factor in retaining existing riders and attracting potential users

and thus increase ridership. Studies (Bachok, 2007, Grotenhuis et al., 2007, Molin et al.,

2009) have shown that integrated information systems are required to facilitate transfers

between urban and interurban multimodal PT networks.

A recent study by the authors (Nesheli and Ceder, 2014) investigated how selected

operational tactics should be used in PT networks to increase the actual occurrence of

scheduled transfers. Their model determined the impact of instructing vehicles either to

hold at or to skip certain stops/segments on total passenger travel time and the number

of simultaneous transfers. Although extensive research has been conducted to analyze

PT movements at control points, there has been no specific analytical study dealing with

passengers’ perceptions and decisions related to real-time control actions. There is need,

then, to assess the effect of applying real-time tactics in a proper study of demand side

perceptions and decisions as complementary to the agent side. The expected contribution

of the present study is to provide PT agencies with a perception of demand control.

The research is undertaken in two-stages: (1) an assessment of the effects of delay on
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PT users’ perception and decision to change route or mode; (2) an evaluation of users’

decisions based on various real-time operational tactics.

The objective is to develop a real-time guideline for both policy-makers and passengers

in terms of using possible operational tactics in order for users to make the best possible

decision in any uncertain event. The PT agents can provide PT users with different

possible options, including operational tactics, with real-time information. Passengers

can thus make a decision based on the available options. The method enables agents

to control demand, redirecting and allocating passenger flows.

The primary aim of this study is to collect and analyze information on PT passengers’

behaviors and their perceptions related to the use of potential features of a decision-

support tool in the existing PT system. A secondary aim is to determine the potential

benefits of a control strategy using selected operational tactics to reduce the uncertainty

of passengers’ travel-times by increasing PT service reliability. The specific objectives

to achieve the study’s aims are as follows:

• To assess PT passengers’ perceptions and expectations of the potential features of

a decision-support tool.

• To determine and compare passengers’ decisions modeled in different scenarios.

• To determine the effect of implementing selected operational tactics on passengers’

decisions.

• To assess the importance of PT service factors in passengers’ preferences.

To the authors’ knowledge, the present study provides, for the first time in the literature,

a description of two commonly used models: Multinomial Logistic Regression (MLR)

and a Decision Tree (DT)-based method for passengers’ decisions, CHAID. Section 8.3

of this work presents the research methodology, Section 8.4 describes the two modeling

procedures and results, Section 8.5 provides a tolerated time model and a discussion

of the use of the application and operational tactics, and Section 8.6 presents the

conclusions and recommendations for future study.
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8.3 STAGE 1: Methodology and Findings of Users’ Per-

ception of The Service Factor

Because of the complexity of travel behavior, a deeper understanding of people’s percep-

tions, attitudes, and behavior is required (Beirão and Cabral, 2007). Qualitative and

quantitative methods can be used to explore this complexity. Quantitative approaches

have the advantage of measuring the reactions of many subjects by a limited set of ques-

tions, thus allowing the comparison and statistical aggregation of the data. Qualitative

methods produce a wealth of detailed information on a small number of individuals

(Patton, 1990). In this study, an attitudinal survey was designed to compare PT users’

perceptions and attitudes toward various events; the respondents included regular and

occasional users. The questionnaire consisted of four parts: socio-economic and trip

information, users’ preferences and expectations as criteria for selecting PT over car,

users’ attitude and decision toward different waiting times, and lastly their attitudes

toward and decisions about some selected real-time operational tactics.

8.3.1 Design of Questionnaire

Attaining the study’s objectives is done by the use of a questionnaire. All the considered

factors, of this questionnaire, are in line with a solid theoretical base to support it (Nesheli

and Ceder, 2014, 2015b). The questionnaire is five-fold. The first part contains general

questions and a demographic survey. The second part refers to the use of smartphone

application. The third part is used as a decision support tool using state-of-preference

type of questions. That is, given a certain real-time information displayed on the

smartphone, there are four travel scenarios (solutions) to select from under three main

categories: (1) given that the bus is delayed by different times, (2) given that the use

of operational tactics can make the PT better than the car in terms of travel time and

comfort, and (3) given that the use of operational tactics can save travel time. The fourth

part was designed to investigate user’s perception of value of time perceived for the four

travel scenarios when implementing an operational tactic. The fifth part is a proportional

evaluation of four criteria: travel time, PT reliability, comfort, and energy; Likert score

from 1 (not important) to 5 (very important) was used for this evaluation of knowing
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when the PT service is preferred over the car. In addition the questionnaire was designed

to evaluate the risk-perception level of the respondents concerning their decisions.

In travel behavior studies, it has been a common practice to assume that travelers

have a perfect knowledge about their choices and make rational decisions based on

utility maximization (Xu et al., 2011).

8.3.2 Data Collection and Survey Implementation

The decision tool, based on the application adapted to a smartphone, must be adaptable

to any network from any city in the world. Some of the variables and parameters could

be independent of the network and the level of service; some could differ among cities.

To assess these differences, the same survey was conducted in two cities with different

characteristics: Auckland in New Zealand, and Lyon in France. The application had

to consider and adapt to all the passengers. Thus, the survey locations were carefully

chosen to capture the most varied characteristics of PT users as possible.

The Britomart Transport Center in Auckland was chosen as one survey location. Brit-

omart is Auckland CBD’s main PT hub. All vehicles entering and leaving this CBD

begin and end their trip at Britomart. The hub provides a link to the main bus, train,

and ferry services of the Auckland region, thus allowing PT users an opportunity to

make transfers in Britomart. This location, then, offers the most diversified population

of Auckland’s PT users. The Laurent Bonnevay station in Lyon was chosen as the

second survey location. Laurent Bonnevay is the most important hub in the west of

the city. Most of the western bus lines stop at this station, which is a transfer point

linking to a subway network. In addition, a park-and-ride site enables car drivers from

the western suburbs or further away to park their car before using PT. The choice of

this hub, too, provides a varied population of users.

The survey was conducted between 0700 and 1800 on seven weekdays to capture both

commuter and non-commuter PT users. Data from 290 and 321 participants in Auckland

(Case 1) and Lyon (Case 2), respectively, was collected. Although the two cases each

present a diversified user population, the characteristics of Lyon’s PT network and its

users’ trip attitudes differ considerably from those of Auckland.
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8.3.3 Public Transport Service Factors and Application

Effects of Service Factors on Users’ Perception

Generally speaking, owing to convenience, speed, comfort, and individual freedom, car is

the most attractive mode of transportation (Anable, 2005). Thus, in order to reduce

car use, it is necessary to understand the underlying criteria of users’ preferences for

and expectations of PT services. Respondents from the two cities sampled were asked

to give a score from 0 (no importance) to 5 (strong importance) on several proposed

improvements in PT service. As Figure 8.1 shows, the first thing to be noted is that

the tendency is the same in both cases even if there is some change in ratio. The

strongest importance (i.e., receiving a score of 5 is associated with improving on-time

performance); on average, 55% of the respondents in both cities thought so. Not far

below that service factor, the reduction in waiting time was strong in importance for

50% of the respondents on average in both cases. Providing reliable information on

smartphones seems to be important for users, too. This study, then, demonstrates how

important an improvement in the reliability of PT service is to passengers.

Use of the Application

The study as a whole and especially the following models assume that the users know in

real time both the position of vehicles and the estimated vehicle arrival time at every

stop. This information would be based on an application adapted to smartphones. To

assess the potential use of such an application and the interest of passengers, respondents

were asked whether they would be ready to use such an application as a decision-support

tool. In Case 1, 91% asserted they were ready as did 82% of the respondents in Case 2.

Giving passengers such a decision-support tool appears to cover an important part of

their PT need and, therefore, justifies the requirement for this study.

8.4 Decision Models

To assess PT passengers’ perceptions and expectations of the potential features of a

decision-support tool, two models were used. These models describe the pattern of PT

users’ decisions toward different situations. In order to select an appropriate model

describing users’ decisions profoundly, various statistical analyses has been investigated.
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(a) Auckland

(b) Lyon

Figure 8.1: Assessment of service factors proposed for the improvement of PT services

Considering the nature of the data sets in which both independent and dependent

variables are categorical (nominal) led to employ the Multinomial Logistic Regression

(MLR) analysis. The MLR method is the most suitable technique for dependent variables

with more than two-level category (Hosmer Jr and Lemeshow, 2004, Janssens et al., 2008,

Menard, 2002). It is to note that the reason behinds designing the questionnaire, based

on categorical data, was to group the users’ preferences by type of feasible solutions to

select, thus enabling to make direct inferences. Table 8.1 shows a description for each

decision, or for each level considered. Consequently, a decision tree (DT) method was

used to classify the respondents; this classification is to examine whether or not a set of

variables is effective in predicting category memberships to validate the MLR outcome.

The decision-support tool is for the use of both the planners and passengers. That is,
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Table 8.1: List of scenarios

Decisions Descriptions
Wait at the stop Passengers will stay at the stop during the an-

nounced delay time of the PT vehicle.
Walk to another stop Passengers will select to walk to another stop

either on the same route or other nearby routes.
Wait and do something else Passengers will do something else during the

announced delay time of the PT vehicle, e.g.,
shopping around the stop.

Won’t use PT Passengers will leave the stop and use another
travel (or walking) mode, e.g., private car.

comprehension of the importance of how passengers prefer to manage their time.

8.4.1 Multinomial Logistic Regression Model

Significance of Independent Variables

Table 8.2 depicts the correlations of this study’s independent variables. As all these

variables are categorical, an ordinary correlation test calculating the Pearson ratio was

not used. Thus, the V-Cramer coefficient was chosen as an alternative to the r-Pearson

coefficient to assess the correlation between variables (Sheskin, 2003). The V-Cramer

coefficient is based on the Chi-Square (χ2), the classic statistical test that assesses if the

distributions of a categorical variable differs from another in the whole population. It is

calculated based on the data of the sample ranked in a contingency table, and compares

the frequencies observed and expected (Equation 8.1). The value of the χ2 itself cannot

be used to assess the strength of the correlation between the variables.

The V-Cramer coefficient is adapted from the ϕ coefficient, which is the equivalent of

the r-Pearson coefficient for qualitative variables. The V-Cramer can be calculated for

variables divided into more than two groups, which is the case here. It should be noted

that this coefficient is not dependent on the number of categories in the sample.

V =
√

χ2

N ∗min(r − 1)(c− 1) (8.1)
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Where: N = population of the sample; c = number of columns of the contingency

table; and r = number of rows of the contingency table. The V-Cramer coefficient lies

between 0 and 1. The closer the coefficient is to one, the stronger is the correlation

between variables. As in any statistical test, two hypotheses were tested. The first

was the null hypothesis H0, which stipulates that the correlation between variables

is due to coincidence; in other words, there is no correlation in the population. The

alternative hypothesis H1 stipulates, to the contrary, that a correlation cannot be due to

coincidence and that it can be extrapolated to the population. The significance number

(Sig) calculates the probability that the result found in the sample (here, the correlation)

can be extrapolated to the population. In this study, the minimum risk of error will

be chosen as α = 0.05 as is typical in human sciences. Thus, if Sig>0.05, H0 must be

accepted, and the conclusion is that the variables are independent.
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The tests demonstrate that there is correlation between some variables. For instance,

there is a correlation among travel time, origin, and destination. This correlation is easily

explained: the further away the origin of people’s trips from their destination, the longer

will be their travel time. Correlated information is available, but only the travel time, the

most prominent in the data set, will be retained. In the same way, occupation is strongly

correlated with the purpose of the trip (0.638; 0.000) in Case 1 and (0.504; 0.000) in

Case 2. This variable, then, will be ignored. Finally, five variables will be maintained

for this study: gender, age, purpose of trip, travel time, and transferring.

Model Building

Logistic regressions are widely used in various fields to assess the likelihood of cer-

tain events. MLR is a statistical tool used to assess and predict the impact of in-

dependent variables on a dependent variable. It is the best tool when the variables

are categorical and composed of more than two groups or categories (Menard, 2002).

Compared with the other statistical methods, MLR has the advantage that it can be

performed without strongly adhering to the normality of the data, a situation that

is often not attained in practice (Kleinbaum, 1994). Equation 8.2 gives the formula

for a multinomial logistic regression:

Pr(yi = j) = exp(xiβj)∑J
j exp(xiβj)

(8.2)

Where: Pr(yi = j) is the probability of belonging to group j; xi is a vector of ex-

planatory variables; and βj are the coefficients, which are estimated using the max-

imum likelihood estimation.

In order to test the model, a typical PT service situation was chosen: the wait at a stop

when the vehicle is delayed. This situation especially happens in the case of bunching.

It was noted that the better the operator can forecast the passengers’ behaviors, the

more likely a good decision will be made, using a good tactic and thus improving the

reliability of the service. Assuming that with the application, users are informed of the

situation in real time. A model can be built that allows passengers to decide whether

to wait at a stop for "0-5 minutes", "5-10 minutes", "10-15 minutes", or "more than 15

minutes". For each of these delay times, respondents were asked for their choice across
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four decisions: "wait at the stop", "walk to another stop", "wait and do something else

during the time advised", and "not to use PT or to use another mode".

For every answer, the gender, age group, purpose, and average travel time of the passenger

are known, as well as if the respondent does or does not transfer during the trip. The

sixth parameter taken into account is the delay time of the vehicle. The dependent

variable is the decision of the passengers. The impact of these independent variables

on the dependent variable is assessed using the following equation:

ydecision = f(Xdelay, Xage, Xtraveltime, Xgender, Xpurpose, Xtransfers) (8.3)

Results of the Multinomial Logistic Regression model

Table 8.3 illustrates the results of the regression model analysis. The MLR in Case 1 is

statistically significant (χ2 =266, Sig<0.001). The model explains 57% of the variance in

the passenger’s decision. Four predictors are significant in this model: delay (χ2=201.9,

Sig=0.000), age (χ2=20.54, Sig=0.02), purpose (χ2=30.11, Sig=0.000), and travel time

(χ2=33.05, Sig=0.01). Goodness-of-fit tests=0.989 »0.05 indicate that the model is

appropriate for analyzing the data. It should be noted that Xgender and Xtransfers

were not significant in the first regression analysis.

In Case 2, the model is also statistically significant (χ2= 590.129, Sig<0.001). The

model explains 75% of the variance in the passenger’s decision. Four predictors are

significant in this model: delay (χ2=557.8, Sig=0.000), purpose (χ2=60.5, Sig=0.042),

travel time (χ2=27.4, Sig=0.028), and transfers (χ2=7.9, Sig=0.048). Goodness-of-fit

tests=0.990 »0.05 indicate that the model is appropriate. It should be noted that Xgender

and Xage were not significant in the first regression analysis.

Discussion of Output

Table 8.3 and Figures 8.2 and 8.3 summarize and illustrate the results of each independent

variable on users’ decisions. Figures 8.2 and 8.3 describe the tendency to make a decision

based on each predictor category.

Delay: The results of both case studies show that delay is the most significant factor for

the dependent variable. In both cases, more than 80% of the users will wait at the stop
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Table 8.3: Results of Independence Tests

Case 1
Model Analysis Chi-Square df Sig.

Model Likelihood Ratio Tests 266.071 42 0.000
Goodness-of-fit of the model (Pearson) 326.325 387 0.989

Parameter Likelihood Ratio Tests

Xdelay 201.90 9 0.000
Xage 20.54 9 0.015
Xpurpose 30.11 9 0.000
Xtraveltime 33.05 15 0.015

Pseudo Nagelberke-R2 0.572

Case 2
Model Analysis Chi-Square df Sig.

Model Likelihood Ratio Tests 590.129 33 0.000
Goodness-of-fit of the model (Pearson) 139,593 252 0.990

Parameter Likelihood Ratio Tests

Xdelay 577.892 9 0.000
Xpurpose 60.522 6 0.042
Xtraveltime 27.359 15 0.026
Xtransfers 7.991 3 0.046

Pseudo Nagelberke-R2 0.754

for a delay time of less than 10 minutes, and users are 23 times more likely to wait if the

delay time announced is less than 5 minutes than if it is 15 minutes. When the users

were informed that the delay would be greater than 10 minutes, more than 60% of them

in both cases were willing to act. The options available to users are either to "walk to

another stop" or "do something else". In Lyon, users’ were more likely to walk to another

stop because of the dense network. In Auckland, the hilly terrain and service unreliability

were the main reasons for users’ likely choosing the option of "do something else".

Age: Age was statistically significant only in Case 1. Based on the regression model, users

who are younger than 25 years old are 2.7 less likely to wait at the stop and 1.8 more

likely to walk to another stop than are older users (more than 60 years old). Age was

not a significant factor in Case 2, as the network in Lyon is denser. The grid structure of

Lyon’s network requires travelers to exert less effort in changing their route.

Purpose: The purpose of the trip also significantly impacts the decision in both cases.

The main difference found was between "professional and studies" and "leisure, shopping,

and others". In the first group, users are more constrained by time and, therefore, less

likely to "wait at the stop" or "wait and do something else".
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Travel Time: Usually, the longer the users’ travel time, the greater is the wait-time portion

of this travel time. According to the model, for users’ travel time greater than 30 minutes,

the probability of waiting at the stop is three times the probability of having a travel time

less than 30 minutes, and twice concerning "wait and do something else". In other words,

the longer the travel time, the larger is the number of users to tolerate extra waiting,

either at the stop or by doing something else. The findings are similar for Case 2.

Transfers: This factor was significant only in Case 2. Users who make transfers are 1.3

times more likely to "wait at the stop" or "walk to another stop" than are other users.

Most of the passengers who have to transfer have a route that is previously planned,

and so they do not want to miss the connecting vehicle. Thus, either they wait at the

stop for the next vehicle or they attempt to reach another stop.

8.4.2 The Decision Tree Model

Classification is an important learning algorithm in a data-mining problem. In order to

classify the importance of each independent variable for the decision-making process,

a decision-tree (DT)-based model was used. The DT, which is simple and easy to

understand, can be used to identify high or low-risk homogeneous groups. In addition, this

model makes it easy to construct rules for making predictions about individual cases (Kass,

1980). There are several DT-based methods, including Chi-squared Automatic Interaction

Detection (CHAID). Unlike other DT-based algorithms, it CHAID allows multiple splits

of a node. At each step, CHAID chooses the independent variable that has the strongest

interaction with the dependent variable. Categories of each predictor are merged if they

are not significantly different with respect to the dependent variable. For each node,

the p-value (significance), the Chi-square, and the degree of freedom correspond to the

Likelihood Chi-square test. The risk estimate is an indicator of model performance.

The Results

As Figure 8.4(a) shows, the risk estimated (0.383) is quite low, which indicates a fairly

good model, which predicts about 62% of the decisions correctly. In this model, as for

the MLR model, delay is the most significant independent variable and corresponds

to the first node. Purpose, which is the second most significant predictor, determines

the separation of decisions. The two groups "Professional" and "Studies" were merged
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Figure 8.2: Impact of independent variables on passengers’ decisions, Case1.
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Figure 8.3: Impact of independent variables on passengers’ decisions, Case2.



200 Chapter 8. Matching Public Transport Demand Using Tactic-Based Guidelines

because they were not sufficiently significant separately. CHAID associates the first

branch, composed of "Professional and Studies", with the decision of "walking to another

stop". The second group, composed of "Leisure", "Shopping", and "Others", is associated

with the decision of "waiting at the stop".

In Case 2, Figure 8.4(b) shows that the risk estimated (0.265) is low, which indicates a

good model. The quality is even better than Case 1, since the model predicts an overall

percentage of 73.5% of the decisions correctly. The results of the analysis are close to Case

1 with the delay variable as the first predictor variable, dividing the root node significantly.

In the last delay group, corresponding to a delay of more than 15 minutes, the transfer

independent variable is chosen to separate the decisions. It should be noted that the

conclusions of the DT model correspond to those found with the MLR model.

8.5 STAGE 2: Effects of Tactics on Users’ Perception

and Decision

The findings of the previous section suggest that policy-makers and PT operators are

required to focus on the methods of reducing the uncertainty in real-time operations. In

other words, they should provide real-time information and implement proper operational

control actions based on users’ decisions so as to increase the attractiveness of PT by

enabling a more efficient, integrated network. In this section, the effect of using different

real-time control actions to improve PT service and making it better than the car mode in

terms of travel time and comfort is investigated. A questionnaire was designed to measure

PT users’ perception of certain operational tactics whose purpose is to improve the PT

service, especially when an unexpected event leads to a deterioration of service.

8.5.1 Operational Tactics

The tactics chosen to be tested were "holding", "skipping", and "boarding limits"; the third

tactic is treated as skipping passengers and was merged with the second. For "holding",

two situations were considered: if users are onboard at a holding point, and whether they

are seated or standing on the vehicle. For "skipping", two situations were also presented:

potential passengers waiting at a stop are informed that the vehicle will not stop; the
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(a) Case1

(b) Case2

Figure 8.4: Decision-tree output of passengers’ decisions
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vehicle is considerably late and waiting passengers are advised to walk to another stop

or go directly to their destination by another transport mode. To make these tactics as

efficient as possible, it is important to measure the degree to which PT users can tolerate

them. If the level of tolerance is exceeded, the main risk is that passengers will change

their plans and no longer use PT services. To measure this tolerance, passengers were

asked how many extra minutes they were prepared to bear waiting in several scenarios.

This question refers to two scenarios: tactic without a bonus and tactic with a bonus.

8.5.2 Tolerated Time Model

To assess the likelihood of a tactic in a user’s perception, the decision categories de-

veloped in stage one were used as variables for the running of MLR analyses. MLR

produces a logistic equation that enables computation of the probability of occurrence

of the dependent variable as a function of the independent variables. The MLR model

predicts the odds of an event occurring. If P is the probability of an event, then

the odds of that event occurring are

odds = P

(1− P ) (8.4)

The probability function can be presented as:

ln( P

1− P ) = β0 + β1I1 + · · ·+ βnIn (8.5)

In general, Equation 8.5 can be expressed as follows:

P = 1
1 + e−(T ) (8.6)

Where T = β0 + β1I1 + · · ·+ βnIn; T= tactics; β0= constant; βn= coefficient estimated

from the data; and In= independent variables.

Multicollinearity in the MLR model is detected by examining the standard errors for

the coefficients. A standard error larger than 2.0 indicates numerical problems, such as

multicollinearity across the independent variables, and zero cells for a dummy-coded

independent variable because all of the subjects have the same value for the variable
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(Hosmer Jr and Lemeshow, 2004). It should be noted that we are not interested in

the standard errors associated with the intercept.

For this study, "holding-seated" and "skip stop-wait" were considered for both Case

1 and Case 2. Table 8.4 details the independent variables and illustrates a divided

group. Note that the reference category of dependent variables is the last category, in

which users bear the maximum extra time to make the operational tactic happen;

i.e., "more than 15 min".

Table 8.4: Independent Variables of the MLR Model

Group\
Variables

G1 G2 G3 G4 G5 G6

Age (year) 15-24 25-34 35-59 More than 60* - -
Travel time
(min)

0-10 10-20 20-30 30-45 45-60 More
than
60*

Purpose Professional Studies Leisure+ Shop-
ping+ Other*

- - -

Delay Wait at the
stop

Walk to
another
stop

Wait and do
something else
during the time
advised

Won’t use PT
or use another
mode*

- -

*For each variable, the last group is the reference group.

Holding:

The final model in Case 1 is statistically significant and predicted the dependent variable

over and above the intercept-only model (χ2(88) = 234.564, P < 0.001). The model

explains 53% (Nagelkerke R2) of the variance in a passenger’s decision in a holding tactic.

Similarly, the model in Case 2 is statically significant (χ2(72) = 211.753, P < 0.003),

explaining 55% (Nagelkerke R2) of the variance in a passenger’s decision in a holding

tactic. Table 8.5 summarizes the model’s results, which show the estimated coefficients

and the related statistics of the MLR models developed. The table also shows the

combination of a constant and the statistically significant variables identified in each

MLR model developed for each of the tactics. For example, the results in Case 1 for

the holding tactic of "0-2.5 min" can be represented as follows:

• Compared with "more than 60-year old" users, users from 35-59 years old are 37.75

times more likely to tolerate "0-2.5 minutes" extra time than "more than 15 minutes"
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of a holding tactic.

• In comparison with more than 60 minutes of travel time, passengers who have to

travel only 20-30 minutes are 75.94 times more likely to tolerate "0-2.5 minutes" of

extra time than "more than 15 minutes" of a holding tactic.

• In comparison with "won’t use PT or [will] use another mode" when there is a 15-

minute delay, people who decide to "wait at the stop" are 6.48 times more likely to

tolerate "0-2.5 minutes" of extra time than "more than 15 minutes" of a holding

tactic.

• In comparison with "won’t use PT or use another mode" in a 15-minute delay, those

who decide to "walk to another stop" are 2.86 times more likely to tolerate "0-2.5

minutes" extra time than "more than 15 minutes" of a holding tactic.

• In comparison with "no transfer", passengers with a transfer are 4.62 times more

likely to tolerate "0-2.5 minutes" extra time than "more than 15 minutes" of a

holding tactic.

Consequently, the prediction model of a holding tactic of "0-2.5 min" is estimated

with the following equation:

THolding(0−2.5) = −11.84 + 3.63IAge(35−59) + 4.33ITraveltime(20−30) + 2.62ITraveltime(30−45)

+ 1.87IDelay(Wait at the stop) + 1.05IDelay(Walk to another stop) + 1.53ITransfer(Y es)
(8.7)

To illustrate the use of the MLR model developed, consider the probability of event (1)

versus non-event (0) for each independent variable. Substituting event-input data into

the prediction model with a "Holding (0-2.5)" option, as in Equation 8.7, is found

to yield 3.19 (see Equation 8.8).

THolding(0−2.5) = −11.84 + 3.63(1)Age(35−59) + 4.33(1)Traveltime(20−30) + 2.62(1)Traveltime(30−45)

+ 1.87(1)Delay(Wait at the stop) + 1.05(1)Delay(Walk to another stop) + 1.53(1)Transfer(Y es)
(8.8)

Therefore, the probability of the occurrence of "Holding (0-2.5)" can be obtained by

substituting it in Equation 8.6, producing Equation 8.9.
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P = 1
1 + e−(THolding(0−2.5))

= 1
1 + e−(3.190) = 0.960 (8.9)

The result suggests that the input variables have a 96% probability of attaining a holding

tactic outcome of 0-2.5 minutes. Thus, implementing holding time in this range would

be effective considering the attributes above mentioned.

Skip-Stops:

The skip-stops model in Case 1 is statistically significant, (χ2(88) = 248.743, P < 0.001)

and explains 51% (Nagelkerke R2) of the variance in a passenger’s decision during this

tactic. The model in Case 2 is also statistically significant (χ2(72) = 232.552, P < 0.002)

, explaining 53% (Nagelkerke R2) of the variance in a passenger’s decision during a

holding tactic. Table 8.6 depicts the estimated coefficients and related statistics of the

MLR models developed for the skip-stops tactic in both cases.

From the information in Tables 8.5 and 8.6, it can be concluded that if the likelihood of

being in the category of a tactic for each of the independent variables versus a reference

category is not statistically significant, the user appears to have the same opinion when

it comes to the current tactic category. The analysis also indicates that none of the

independent variables had a standard error larger than 2.0. Moreover, the analysis shows

that the skip-stop tactic is sensitive to delay, with users experiencing longer delay being

less likely to "wait at the stop" or "wait and do something else". Thus, operators should

pay attention to this fact when they consider using such a tactic.
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8.5.3 Results and Discussion

Tactic Without Bonus

Figure 8.5 illustrates that the extra time tolerated is mainly between 2.5 and 10 minutes.

By comparing the extra times supported for every tactic, it may be observed that both

the average and median extra times are between 5 and 10 minutes for Case 1 and between

2.5 and 5 minutes for Case 2. PT service reliability is better in Case 2 than Case 1; the

denser network and the presence of other modes in Lyon (an underground, a tramway)

can explain this difference. This comparison enables PT agencies and policy-makers to

assess the efficiency of each tactic in regard to delay time. Table 8.7 shows the extra time

supported while waiting, seated, or standing onboard at a holding point and waiting for

the next vehicle at the stop, or walking to another stop in a skip-stop tactic. Onboard

seated passengers at a holding situation are less tolerated than in the other cases.

Tactic With Bonus Strategy

The use of tactics has an adverse effect on some passengers. Because of the fact that

the aim is to make the PT service more attractive, policy-makers can suggest promotion

factors or any system of bonuses that would encourage passengers to accept these tactics.

Thus, respondents in our sample were asked to list, as before, the extra time they would

support in each situation, assuming that the PT company compensated with a reduced

fare (50%) or equivalent bonus when employing operational tactics.

Results, shown in Figure 8.6, confirm the assumption that a system of bonuses could

constitute a lever of action for operators and the PT companies by encouraging users

to give more of their extra time and commit themselves through operational tactics to

improve the service. More than half of the users tolerated an extra time greater than

10 minutes in Case 1 and greater than 5 minutes in Case 2 for both skipping situations

(waiting at the stop and walking) and for holding (seated in the vehicle).

Table 8.7 shows that the most significant improvement is in the holding seated situation.

Users tolerate a bonus on average of four more minutes in Case 1 and three more minutes

in Case 2, representing an increase of, respectively, 60% and 75% of the average extra

time tolerated. That the increase in the standing case is smaller can be explained, as did

the respondents, by the fact that some of the users find it impossible to stand a long time

in the vehicle (owing to age, disability, heavy fatigue, etc.), and therefore the bonus does
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not really change this situation. The implementation of a bonus for the walking tactic

represents an increase of only 2 minutes of the extra time tolerated in both cases.

Table 8.7: Results of Average Extra Time Tolerated

Tactics Case1 Case2
Average
Extra
Time
Tolerated
(min)

Average
Extra
Time
Tolerated
+Bonus
(min)

∆ Average
Extra
Time
(min)

Average
Extra
Time
Tolerated
(min)

Average
Extra
Time
Tolerated
+ Bonus
(min)

∆ Average
Extra
Time
(min)

Holding
Seated

7 11 4 4 7 3

Holding
Standing

6 9 3 2 5 3

Skipping
Waiting

8 11 3 4 6 2

Skipping
Walking

9 11 2 5 7 2

Note: ∆ means an increase in average extra time after a bonus strategy.

8.6 Conclusions and Future Research

To provide travelers with a reliable alternative to private cars and encourage a modal

shift, PT agencies have adopted several tactics for developing an integrated, effective

multi-modal transport system. These tactics have been widely developed and discussed

in literature. Up to now, however, there has been no specific investigation of the effect of

implementing tactics on passengers’ perceptions and decisions (the demand side). The

control of PT demand in real time represents a major advantage for both policy-makers

and PT users. To support this control, a decision-support tool, such as an application

adapted to a smartphone, could provide travelers with continuous online information

about the PT service. The contribution of the present study is to offer PT agencies a

guideline on demand control. This is undertaken in two-parts: (a) an assessment of the

effects of delay on PT users’ perceptions and decisions to change route or mode; (b) an

evaluation of users’ decisions based on various real-time operational tactics.

To attain this goal and to build the guideline, a user-decision and preference survey

was conducted to investigate users’ attitudes toward various control actions. To assess
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(a) Case1

(b) Case2

Figure 8.5: Extra Time tolerated by Users without a Bonus

the differences, the same survey was conducted in two cities with different charac-

teristics: Auckland in New Zealand and Lyon in France. A statistical analysis was

carried out, and decisions models were built using both Multinomial Logistic Regression

and a decision-tree- based method.

A large majority of travelers in both Auckland and Lyon gave strong importance to a

reduction in waiting time and improvement in real-time performance, for which they

would be ready to use a decision-support tool. The statistical analysis emphasized

that, in certain situations (e.g., waiting at a stop more than 10 minutes), more than

60% of the travelers would change their decision and adapt their travel behavior on

the basis of such a decision-support tool.
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(a) Case1

(b) Case2

Figure 8.6: Extra Time tolerated by Users with a Bonus

The results of the MLR model, based on an acceptable PT-user database, show that it is

possible to predict the decisions of travelers. The decision-tree-based model, which used

the CHAID method, confirms the predictions and provides a guideline for the situation of

waiting at a stop. Both models demonstrate that the most significant predictor impacting

on a traveler’s decision is delay time. Some other factors, such as the purpose of trip, trans-

fers, travel time, an even age of users, also have an impact on passenger’s decision.

To complete the guideline, tolerated time models using real-time tactics were developed.

Finally, statistical analysis was undertaken to assess users’ perceptions of some operational

tactics used by PT agencies. For certain events, the time tolerated would find the study

informative in suggesting tactics according to the outcome desired. The extra times
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tolerated for all the tactics depend on the characteristics of the PT service, which differ

between Auckland and Lyon; on the average, it is between three and nine minutes at

both cites. The average extra time is significantly increased by using a bonus strategy of

up to 75% for "holding seated". An important result for policy-makers and PT agencies

is the higher average extra time tolerated related to walking. The results show that

although the waiting-time tolerated can be compensated by giving a bonus to users,

it is difficult to do so with the extra walking time. The outcomes presented in this

work will undoubtedly assist policy-makers in creating attractive PT services. Thus,

operators are advised to consider the use of different tactics.

The limitation of this study is that the results presented cannot demonstrate strong

conclusions, but depict a tendency. A more comprehensive and accurate study could show

the tactic, the case, and the kind of passenger with which it could be efficient to propose

a bonus to improve the PT service. In addition, the findings of this research can be

integrated with other studies of risk perception and psychometric modelling to examine

what it is the process existed, in an average sense, behind passengers’ decisions.

Future research may continue to improve modeling of the PT demand and its sensitivity

to different tactics. Finally, a more strategic and economic-based study could assess the

extent to which a bonus strategy would be interesting for PT agencies and their users.

In continuation of Chapter 8, the next chapter proposes a new study to identify an

understanding of what constitutes PT service quality (SQ) at the operational level, using

real time operational tactics based on user-centric performance measures.
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Public Transport Service-Quality
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9.1 Abstract

Public transport (PT) real-time control actions, such as daily implementation of opera-

tional tactics, play a vital role in service reliability because of allowing for improvement

of the quality of service perceived by passengers. Applying appropriate tactics leads

to increased service reliability, reduced passenger waiting time, prevention of missed

transfers and curtail passenger frustrations. To date, various studies have investigated

the efficiency of using real time tactics and its effects on PT system performance. Yet,

passenger perception related to various operational tactics remains one of the most

poorly understood aspects of PT operations. The purpose of this study is to cultivate

an understanding of what constitutes PT service quality (SQ) at the operational level,

using real time operational tactics based on user-centric performance measures. SQ as a

measure of serviceability in a PT system has been evaluated in relation to four definitive

217
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factors: performance, information, operational tactics, and travel time. A conjoint

analysis combined with cluster analysis is developed to capture the most important

factors in evaluating the SQ process. Two case studies, each from a different country,

have been selected. One is at a major terminal in Auckland, New Zealand, and the

other in Lyon, France. The findings show which attributes are important in assessing

SQ and how they vary in importance in different case studies.

9.2 Introduction

The capacity in contemporary society to endorse sustainable modes of transport to

reduce problems resulting from the use of the private car, such as energy consumption,

pollution, and traffic congestion (Dell’Olio et al., 2010) suggests great potential power.

Notwithstanding, the use of public transport (PT) can contribute to more economical

and efficient transportation, in terms of use of resources and travel times (Ceder, 2007,

2015). A common strategy practiced internationally by PT agencies is development

of an integrated, multimodal transport system in order to provide passengers with a

reliable substitute for private cars.

Arguably, one of the most challenging problems of transportation planning is shifting

a significant number of car users to PT in a sustainable manner (Beirão and Cabral,

2007). Ceder (2007, 2015) suggested that an important consideration in the effort to

retain existing users and attract new passengers is to improve serviceability by offering

routes with seamless transfers. Notably, one of the common strategies for increasing the

efficiency of a PT system and making it reliable is utilizing real time control actions

(tactics). Various studies have been advanced to model PT real time control (e.g.,

(Delgado et al., 2012, Eberlein et al., 1999, Hadas and Ceder, 2010a, Hickman, 2001,

Nesheli and Ceder, 2014, 2015b)). However, to date, it has been very difficult to evaluate

the positive and negative effects of control strategies with respect to operations and

passenger perceptions under real world conditions. Given the relatively new development

of theory in this area, no measures currently exist for characterizing customer perceptions

towards implemented control actions. The modal shift from private to PT can be achieved

by understanding the criteria underlying users’ preferences for PT services according

to the emergence of new factors and attributes.
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9.3 Literature Review

PT researchers and policymakers attempt to describe details about the main factors

and attributes affecting service quality (SQ) for PT service delivery, in order to provide

travelers with a viable alternative to private cars and increase user satisfaction (de Oña and

de Oña, 2014). Subjectively, the evaluation of SQ is based on customer satisfaction surveys

and the heterogeneity of passenger perceptions (de Oña and de Oña, 2014). Although

some studies have shown that SQ perception is the outcome of a comparison of users’

expectations with actual service performance perception (Grönroos, 1988, Parasuraman

et al., 1988), others have investigated either passengers’ perceptions or the perception of

PT agencies and government managers (Eboli and Mazzulla, 2011, Nathanail, 2008).

Friman (2004) investigated the effect of SQ improvement in PT systems on user satis-

faction based on perceived negative critical incidents in Swedish transit services. The

results indicate that the passenger’s satisfaction, when using PT services, is influenced

by quality improvements only when they are evident to a superior degree. Consequently,

Beirão and Cabral (2007) investigated a deeper understanding of users’ attitudes toward

PT and private cars. Their qualitative study proposed some key attributes bearing

an influence on modal choice. They argued that if the level of service required by

customers indeed accommodates their needs, then the potential for increasing the use

of PT and attract new users may be viable.

Eboli and Mazzulla (2011) proposed a methodology to evaluate SQ based on both users’

perceptions and transit agency measures. They considered an indicator which presumes

an intermediate value between subjective (i.e., users’ perception of, SQ) and objective

(i.e., different sources of PT service data) measures of the SQ. Redman et al. (2013)

investigated quality attributes of PT service that attract the private car user by using

a qualitative systematic review. They showed that while the attributes of reliability

and mobility are important, there are other attributes related to individual perceptions

and motivations, effective in attracting car users.

In terms of adapting advanced statistical analysis to measure SQ, Eboli and Mazzulla

(2007) formulated a structural equation model to explore the impact of the relation-

ship between global customer satisfaction and SQ attributes. Iseki and Taylor (2010)

developed an ordinal logistic regression model to examine customers’ perceptions of
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SQ and infrastructure at bus stops and a train station in metropolitan Los Angeles.

Subsequently, Habib et al. (2011)proposed a multinomial logit model combined with

latent variable models to investigate users’ perceptions and attitudes towards transit SQ

and attributes in Calgary, Canada. Their findings indicate that the people of Calgary

value "reliability and convenience" over "ride comfort".

While extensive research has been conducted to investigate the SQ of PT, and to develop

various operational control methods to analyze PT movement at control points, there has

been no analytical study dealing with passengers’ SQ perceptions and their decisions in

relation to real time control actions directed at SQ. Thus, the effect of applying real time

tactics as a key factor influencing SQ needs to be assessed. In an earlier attempt, Nesheli

et al. (2015b) developed a method for considering the effect of applying real time tactics in

a proper study of demand-side perceptions and decisions as complementary to the agent

side. The study provides multinomial logistic regression and a decision tree-based method

for passengers’ decisions. They further showed that the extra times tolerated for all tactics

depend on the characteristics of the PT service, which vary between case studies.

In this study, we develop a judgment model to analyze user perception of the SQ which

may change depending on the category of passengers under consideration. The judgement

model provides utility value for each factor/attribute level of SQ, and consequently for

evaluation of any potential PT service scenario. To the best of the authors’ knowledge,

the present study provides an evaluation of the effect of real time control actions (tactic)

on the SQ for the first time in the literature. It is assumed that a maximally synchronized

timetable, improved customer service, and an efficient route network as the total SQ of

PT service are considered at the planning phase. Therefore, the present work proposes a

methodology, based on passengers’ perception and decision making related to the various

situations and scenarios, to find the best SQ of PT system at the operational phase. The

presumed contribution of the present study is to provide PT agencies with a perception of

what the effect of utilizing advanced technologies (e.g., real-time information, automatic

vehicle location) and control methods on customer perception and the SQ would be.

The paper is divided into the following sections: the attribute of service quality in an

advanced PT system; methodology including data collection and analysis; outcomes,

including development of a conjoint model and clustering the results; and finally, con-

clusions, and recommendations for future study are presented.
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9.4 Attributes of Service Quality in advanced PT

system

Growing attention by practitioners, policymakers, and researchers, who have focused on

the passengers’ perspective has been drawn to the SQ of PT operations. A comprehensive

study in New Zealand demonstrated that many attributes, normally grouped into smaller

dimensions, as a frame of reference (taking 166 attributes into consideration), can be

used to evaluate SQ (Murray et al., 2010). Despite the absence of a consensus regarding

the nature of the SQ, there is a general understanding that it is a multidimensional

construct (Parasuraman et al., 1988). Recent studies by Nesheli et al. (2015b) and

Nesheli and Ceder (2014, 2015a,b) show that performance, information, tactic, and

travel time are the main SQ attributes from the perspectives of the agencies and PT

users alike, with interpretation to follow.

Performance: Fundamentally, in PT service delivery, performance is a key attribute of

SQ (Watkins et al., 2015). There are a variety of performance measures that have been

developed to describe different aspects of PT service. Kittelson et al. (2003) reported

that, generally, PT users’ greatest concerns are about issues that affect them directly,

such as on-time performance issues. Studies show reliability linked to user perception

of probability of on-time performance. Naturally, unreliable service results in negative

user attitudes as uncertainty of travel time increases (Abkowitz, 1978, Bates et al.,

2001). In a UK transit guide, it is reported that, on-time performance of local bus

services is considered by passengers to be twice as important as scheduling frequency

(Balcombe et al., 2004). Levinson (2005) demonstrates that reliable transit service

is essential to attracting and retaining riders, especially in modern societies, where

many transportation options are available.

On the other hand, Furth and Muller (2006) argued that traditional measures of service

reliability such as on-time performance or headway regularity, as indicators of SQ, do not

reflect the effect of reliability on passenger perceptions. They suggested that considering

the real cost of waiting as a means of evaluating the effect of service reliability on

passengers, would reveal a more accurate outcome. Accordingly, Iseki and Taylor (2009)

argued that perceived waiting time by PT customers has been shown to be more onerous

than the actual waiting time and is dependent on waiting conditions. Finally, the research
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over the last decade indicates that performance reliability of the transportation system is

a significant factor in the traveler’s behavior of choice (König and Axhausen, 2002). Thus,

in addition to improved passenger forecasting, a precise assessment of the behavior of

passengers with respect to service performance can lead to overall improvements in mode

and route choice prediction and transport model assignment (Recker et al., 2005).

Information: The other attribute of SQ in PT systems is information. High resolution

information lends the traveler a sense of greater control over his trip, among other

things with respect to waiting times, and affecting mode choice and perception of safety

(Dziekan and Kottenhoff, 2007). Recent advances in smartphone technology are further

facilitating more productive use of travel time (Lyons and Urry, 2005). Eboli and

Mazzulla (2012) argued that a high quality information system is an essential factor in

retaining existing riders and attracting potential users, and thus in increasing ridership.

Studies (Bachok, 2007, Grotenhuis et al., 2007, Molin et al., 2009) show that integrated

information systems are required to facilitate transfers between urban and interurban

multimodal PT networks. Moreover, the recent study by Carrel et al. (2015) proposed

a system to extract the personal transit travel diary of participants collecting location

data with their smartphones by matching their location points to automatic vehicle

location (AVL) data. The authors show that high-resolution information can be derived

for travel times and their relationships with the timetable by identifying all out-of-vehicle

and in-vehicle portions of the passengers’ trips.

Tactic: It is increasingly evident that due to certain stochastic elements of PT systems

(i.e., traffic disturbance, passenger demand fluctuation, and driver behaviors), pre-planned

PT service is not always trustworthy at the operation level. One efficient approach to

alleviating the uncertainty of PT services for correcting service irregularity in real

time is to use selected operational tactics, such as holding, skip-stop, and short-turn.

Studies (Hadas and Ceder, 2010a, Liu et al., 2014, Nesheli and Ceder, 2014, 2015b)

show that applying certain operational tactics can significantly increase the number

of direct (simultaneous) transfers and reduce total passenger travel time. Although

there are more than a few studies on modelling PT real time control, consideration of

passengers’ perception associated with the implementation of operational tactics has

been neglected. A few studies, such as Hanaoka and Qadir (2009) investigated bus

passengers’ behavior and perceptions associated with control action. The study describes

an attitudinal on-board survey to understand respondents’ behaviors in Bangkok. The
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work focused on measuring the effects of a holding strategy using AVL technology in

bus operation utilizing a simulation model.

Travel time: Clearly, travel time is one of the main factors for choosing a transport

mode. Time savings often appear to be the greatest benefit of a PT system improvement.

Fundamentally, travel time is related to the cost of time spent on transport, including

waiting time (out-of-vehicle), running time (in-vehicle), and transfer time. Various studies

show that travel time affects SQ (Hensher et al., 2003, Litman, 2008, Wardman, 2004).

A recent study by Chowdhury et al. (2015) investigated the effects of travel changes

which will induce a change in route choice by means of estimations for the reduction

in travel time and travel cost. Their findings show that on average, for PT users to

find routes involving transfers attractive, they sought at least a 25% reduction in their

current travel time and at least a 10% reduction in their current travel costs. Likewise,

this was dependent on different levels of comfort at the interchange.

9.5 Methodology

To develop a deeper understanding of SQ in a PT operation, the research design for this

study is based on the conjoint analysis. The conjoint analysis concept has been applied in

a number of studies of travel behaviors (Mackenzie et al., 1992, Reed, 1995). In conjoint

analysis, a series of scenarios, or situations, each composed of various levels/attributes

can be employed. The method allows us to evaluate the users’ preferences (i.e., a realistic

tradeoff between SQ attributes), and the establishment of an importance index based

on par-worth (utility) for each attribute (Orme, 2010). Consequently, it is possible to

compute the contributions of different independent variables to the dependent variable

denoted by the overall evaluation scores. Generally, the conjoint analysis classifies the

decision and judgment models (Hair, 2010). Essentially, the research outcome reflects

the decision making process or the judgement model (Schaupp and Bélanger, 2005). The

following section develops a conjoint measure to identify meaningful patterns and groups

of users sharing similar opinions, decisions, and judgements.
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9.5.1 Conjoint Analysis Instrument and Data Collection

In the design of the study instrument, a full profile approach for data collection, fitted

to conjoint analysis is used. The full profile technique is suggested when the attributes

are less than six (Hair, 2010). The four attributes of performance, information, tactic,

and travel time are specified at three ordinal levels to construct the conjoint analysis.

As explained in the previous section, these attributes have been developed through a

comprehensive literature review and in an earlier attempt (Nesheli et al., 2015b). Table 9.1

shows the PT service attributes and levels used in this study. The attribute performance

and its impact on the users’ behavior are the focus under different levels of vehicle service

reliability. The degree of service uncertainty was controlled through vehicle arrival status

level. The scene to determine the usefulness of information was set by providing the

various types of information from offline info to accurate online-info. To investigate the

effect of real time tactics, some situations were set regarding selected real time control

actions such as holding, skip-stops, short-turning, and short-cut. Our previous studies

(Nesheli and Ceder, 2014, 2015a,b) show that each of these tactics has its own advantages

and disadvantages for the travelers. Finally, as for travel time, the duration of travel

for the user is considered. The levels were chosen to resemble the conditions of many

PT commuter trips including direct trips or trips involving transfers.

According to full profile design, the attributes and their levels generate 34 = 81 profiles

in total, which is not applicable when asking the respondents. To overcome this problem,

fractional factorial design is used presenting a suitable fraction of all possible combinations

of factor/attribute levels (Hair, 2010). The factorial design is based on the principle of

orthogonally (orthogonal array) and is designed to find out the main effects for each

attitude level (Addelman, 1962, Hair, 2010). Through the use of factorial design, twelve

profiles are generated and each profile resembles a realistic situation for the PT user.

The respondents are asked to consider these profiles (scenario cards) and rank them from

1 to 12, where 1 indicates excellent SQ, and 12 shows the worst SQ. The conjoint cards

presented to respondents are divided into two trips, home-to-work, and work-to-home,

to explore the effect evident from each trip.

The data was collected in Auckland, New Zealand (Case 1) and Lyon in France (Case 2)

through an online survey and a street questionnaire in the main PT hub of these cities -

the Britomart Transport Centre in Auckland, and the Laurent Bonnevay station in Lyon.
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The same survey was conducted for these two different cases in two different cities in

order to understand the various aspects of the study. Although each of the two cases

presents a diversified user population, the characteristics of Lyon’s PT system and its

users’ trip attitudes differ considerably from those of Auckland.

Table 9.1: Situational components employed in the conjoint analysis

Attribute Level
1 2 3

Performancea Vehicle arrives 2 min-
utes early

Vehicle arrives 2 min-
utes late

Vehicle arrives 10
minutes late

Information b Offline info on
departure-arrival
times is provided

Approx. online info
on departure-arrival
times is provided

Accurate online infor-
mation is provided

Tactic c Holding the vehicle
at some stops and
you are on-board

Vehicle skips a stop
and you are on-board

You are waiting at
the stop and vehicle
doesn’t stop

Travel time d Total of 15 minutes
direct ride (to your
destination)

Total of 25 minutes
with transfer (to your
destination)

Total of 35 minutes
direct ride (to your
destination)

a Performance: 2 minutes = a few minutes early/late, whereas 10 minutes=considerably
early/late.
b Information: Offline info = printed timetable
Approx. online info = based on estimates and can range +/- 5 minutes.
Accurate online info = based on a decision-support tool using App on smartphones on actual
vehicle arrival time, real time control action to be taken, and number of passengers on-board.
c Tactics: control actions to improve public-transport service, making it better than private
cars in terms of travel time and comfort for all users involved. However, in some situations,
it may increase your travel time.
d Travel time: Travel time starts when boarding the vehicle.

9.6 Results and Discussion

The survey was conducted between different groups. These groups differ in gender, age,

employment status, and purpose of using PT services. On the basis of the total 300

expected respondents in case 1 and 2, a total of 122 were received, of which 118 were

usable responses. This satisfies the overall response rate 3(K − k + 1), where K is the

total number of levels across all attributes and k is the number of attributes (Orme,

2010). Our sample consisted of an almost equal response rate for both genders, with

7% more male respondents. Around 92% of the respondents in Case 1 and 90% in Case

2 were between 18 and 44 years old. A total of 63% of the respondents in Case 1 and
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Table 9.2: Utility and importance index of the SQ element - Cases 1 and 2

Attribute Level
Utility Importance index

Case1 Case2 Case1 Case2
H-W W-H H-W W-H H-W W-H H-W W-H

Performance
Vehicle arrives 2
minutes early

0.96 0.95 1.08 1.16

Vehicle arrives 2
minutes late

0.30 0.27 -0.49 -0.55 29.19 29.60 30.26 30.13

Vehicle arrives 10
minutes late

-1.26 -1.23 -0.59 -0.61

Information
Offline info 0.17 0.21 0.14 0.22
Approx. online
info

-0.10 -0.14 0.70 0.70 18.72 19.18 20.88 21.02

Accurate online
info

-0.07 -0.06 -0.84 -0.92

Tactic
Holding 0.89 0.86 0.49 0.45
Skip-stops 0.47 0.42 0.32 0.28 29.33 28.33 23.47 22.91
No-service -1.36 -1.28 -0.81 -0.73

Travel time
15 minutes direct 0.65 0.72 0.99 0.99
25 minutes with
transfer

-0.11 -0.19 -0.58 -0.56 22.77 23.89 25.39 25.95

35 minutes direct -0.54 -0.53 -0.41 -0.43
Note: "H-W"=home-to-work, and "W-H"=work-to-home.
The constant value for all cases is 5.00.

77% in Case 2 are commuters and living in suburbs. Most of the respondents were

either students (50%) or professional employees (45%).

9.6.1 Development of Conjoint Model

The overall results of the conjoint analysis are shown in Table 9.2. An analysis of utility

values and an importance index of different attributes are performed in both cases based

on home-to-work and work-to-home travel. The model description shows that both

Pearson’s R and Kendall’s tau correlation between the observed and estimated scores

are very close to one and their significance level is close to zero, representing goodness of

fit for the utility values attained. The goodness of fit test is also verified at an individual

level for the respondent. It indicates that individuals with poor predictive fit (i.e., 0.6

thresholds) should be identified for elimination from the analysis (Hair, 2010, Orme,

2010). All Pearson’s R correlations were over 0.7 thresholds for both cases.

Inspection of the conjoint model utility in Table 8.2 reveals that both trip directions

(i.e., home-to work and work-to-home) produce almost identical results and there are no
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significant differences. Hence, it is possible to consider the effect of these trips on the

comparable SQ. Clearly, the analysis indicates that from the respondent’s perspective,

performance is of the highest importance for SQ in both cases. The second most important

attributes are tactics and travel time for Case 1 and Case 2, respectively. The attribute

of information that accounts for 20% (on the average in both cases) of the total range of

significance for utility, in the conjoint model, is the least important for SQ. The findings

show that there are no significant differences between various levels of information. One of

the main explanations for this, expressed by respondents during the survey, is the lack of

a reliable application that passengers can rely on in real time. As a result, respondents are

unable to determine a significant distinction between offline and online information.

On the other hand, by inspecting the utility function of each attribute individually, some

useful and meaningful inferences can be made. For instance, in both cases, the utility for

tactics when a passenger is waiting at a stop and the vehicle does not stop is -1.36, which is

almost three times the measure for tactics when the vehicle skips a stop and the passenger

is on-board. As a result, utilizing the tactics that lead to an increase in the passengerï£¡s

out-of-vehicle waiting times is more destructive to SQ than the effect of those tactics which

are associated with in-vehicle waiting times. Furthermore, reassuringly, the analysis shows

that only total travel time is an important factor to the SQ. This indicates that users

prefer a lesser travel time even with implications for their total travel experience.

Overall, it can be inferred that growing performance, tactic, and travel time will highly

influence SQ and increase its levels and outcomes. Consequently, the best predictive

models can be expressed as follows:

USQ = UPerformance + UInformation + UTactics + UTraveltime + 5.00 (9.1)

For example, in Case 1 based on the defined equation, the highest and lowest likely

utility for an orthogonal plan, respectively, are:

Umax = 0.96(2 min early) + 0.17(off-line info) + 0.89(holding)

+ 0.65(15 min direct ride) + 5.00 = 7.67
(9.2)



228
Chapter 9. Public Transport Service-Quality Elements Based on Real-Time Operational

Tactics

Umin = −1.26(10 min late)− 0.10(approx info)− 1.36(no-service)

− 0.54(35 min direct ride) + 5.00 = 1.74
(9.3)

Evidently, any other utility value for SQ may present itself between the above lim-

its and corresponds with the original ranks assigned by the participants. That is an

assessment of any potential PT service scenario based on the above. Indeed, based

on the proposed model with the components of performance, information, tactic, and

travel time, a measure of SQ at the operational level could be assigned and scaled

using the aforementioned range.

9.6.2 Clustering the results

Although the overall trend of the developed conjoint model depicts a rational pattern,

deeper analysis may shed more light on passenger preferences and attributes, through

considering data drawn from different response groups. This is possible as a result of

responses having been subjected to a standard cluster analysis based on ranking of

preferences and attributes by each individual from the outset. The cluster analysis is

descriptive and non-inferential, such that it can be used as a confirmatory component

for established groups and conceptual foundations (Hair, 2010). Table 9.3 shows the

results of a hierarchical clustering procedure which is employed to create a complete set

of cluster solutions. By this method, the classification ranges from all-single member

cluster solutions to a one-cluster solution. In fact, the hierarchical framework enables

the comparison of any set of cluster solutions (Hair, 2010). Subsequently, a separate

discrete conjoint analysis is performed on the determined clusters to extract new utility

values and importance indices. Figure 9.1 illustrates the variability of the attribute

importance index for SQ as associated with the identified clusters. The results from

Table 9.3 indicate that there are fundamentally different perceptions regarding what

determines SQ. In Case 1, cluster 1 is the largest, and exceeds 40% of the total, hence

having the greatest influence on the overall SQ. As shown in Figure 9.1, these respondents

identify tactics to be the most important attribute for SQ, followed by performance

and travel time as the main decisive attributes. In Case 2, on the other hand, cluster

3 (more than 49% of total) is dominant and has the most impact on the overall SQ.
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Table 9.3: Cluster results for Cases 1 and 2.

Clusters Frequency Percentage Cumulative Percentage

Case1

H-W

1 54 44.3 44.3
2 29 23.8 68.0
3 39 32.0 100.0

Total 122 100.0

W-H

1 49 40.2 40.2
2 39 32.0 72.1
3 34 27.9 100.0

Total 122 100.0

Case1

H-W

1 35 29.7 29.7
2 25 21.2 50.8
3 58 49.2 100.0

Total 118 100.0

W-H

1 33 28.0 28.0
2 30 25.4 53.4
3 55 46.6 100.0

Total 118 100.0

These respondents, as in cluster 1 for Case 1, regard tactics to be the most significant

attribute for the SQ, with performance and travel time following. A precise look at

Figure 9.1 reveals that information has the lowest effect on judgement of SQ in both

cases. However, we can see that in Case 2, cluster 2 is radically different, and information

becomes one of the most important considerations in perception of SQ (importance index

of 33.7 for the work-to-home trip), though they also find performance important. In

this cluster, tactic bears the least importance. Although information is an important

attribute in any SQ, it is evident from the findings that greater influence is attributed,

by a large group of people, to other SQ attributes. Conceivably, this may be related to

the concern that the benefit to be gained from high resolution information is inadequate

at the PT operation level. The inclination is to believe that more effort is needed to

develop an integrated, real time information system to overcome the key shortcomings

of current models and their usage (Carrel et al., 2015).

9.6.3 Overall PT Service Satisfaction

Finally, in order to understand the underlying criteria of users’ preferences for and

expectations of PT services, and for a proportional evaluation of five criteria for out-

of-vehicle waiting time, in-vehicle waiting time, transfer time, overall (wait and ride)
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(a) Case1

(b) Case2

Figure 9.1: Importance index of SQ factor identified clusters

travel time, and high resolution real time information on the smartphone are given.

Respondents from the two cities sampled were asked to rate their satisfaction with the

overall reliability of PT service from 1 (no importance) to 5 (strong importance). As

Figure 9.2 shows, the first thing to be noted is the similar tendencies in both cases,

even if there is some variation in the ratio. The strongest importance is attributed

to travel time (i.e., receiving a score of 5 is associated with overall travel time) by an

average of 37% of the respondents in both cities.

Not far below that service factor, the high resolution real time information on mobile
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devices was of strong importance for 33% of the respondents on the average in both cases.

This finding suggests that high resolution information could improve service satisfaction.

Thus, providing reliable information may be the ultimate goal for advanced, efficient

PT systems, but not a key factor for all SQ levels. On the other hand, the results

reveal that there are indeed obviously different perceptions concerning out-of-vehicle,

in-vehicle, and transfer waiting times. This also indicates that the marginal burden or

disutility of out-of-vehicle waiting time is perceived to be significantly more burdensome

than in-vehicle travel time. Different studies have argued this issue (Furth and Muller,

2006, Iseki and Taylor, 2009, Reed, 1995).

9.6.4 Discussion

As demonstrated, there are many different means by which various groups of PT users

evaluate SQ and judge it. Therefore, the preference criteria are not absolute, and the

existence of different trends warrants consideration. However, it is evident from the

findings that a large group of people from both cities sampled prefer the same attributes

of performance and tactics as more decisive in SQ for PT systems at the operational

level. Essentially, performance satisfaction combined with implementing proper control

actions are seen as the driver of SQ development in the absence of which PT operations

will suffer. It has been noted that SQ might be a progression of attributes such as

performance, information, tactics, and travel time. This basic idea implies, in practical

terms, that control actions and strategies might be implemented in a way that contributes

to or strengthens other attributes of PT service operation quality. Therefore, within the

identified judgment trends, a set of real time control actions (i.e., tactics) is proposed to

strengthen the relation of SQ element perceptions and boosted perceptions, in general,

to the operation SQ level. Employing these control actions such as holding, skip-stops,

short-turning, and speed changes in an optimal manner would provide a more efficient

service, reduced travel times, and more successful transfers. On the other hand, the

differences between in- and out-vehicle waiting times which form PT users’ perceptions

are substantial in terms of considering how to utilize real time control actions. As a

result, improvement of the effect of applying real time tactics on demand-side perceptions

and decisions as complementary to the agent side beg being suggested. Significantly,

this allows PT agents to provide PT users with different possible options, including
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(a) Case1

(b) Case2

Figure 9.2: Satisfaction with the overall reliability of PT service
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operational tactics, with real time information, thus enabling more efficient, reliable

PT service operation to increase ridership.

9.7 Conclusion and Remarks

Understanding PT service quality cannot be achieved without understanding and con-

sidering the effect of implementing daily operational control methods associated with

conventional attributes of PT service operation on the PT users’ perceptions and deci-

sions. To attain this goal and to assess the SQ elements, a user decision and preference

survey was conducted to investigate passengers’ attitudes and perceptions with respect to

various PT operational situations. The SQ has been evaluated with four general factors

of performance, information, operational tactics, and travel time. A conjoint analysis

coupled with cluster analysis has been developed to capture the most important factors

in evaluating the SQ process. To assess the differences, the same survey was conducted in

two cities with different characteristics: Auckland, New Zealand and Lyon, France.

The findings of utility values for each attribute level and factor importance indexes in

both Auckland and Lyon indicated that there are no meaningful differences between

the two trip directions (i.e., home-to-work and work-to-home) and they produce almost

similar results. The results depict a performance element for both cities as the most

influential attribute, exceeding 30% compared to the degree of impact of tactics in

Auckland (around 29%), and travel time in Lyon (25%). For both cities, the same

level of importance is attributed to information, just around 20%. The analysis also

reveals that all the chosen attributes are important and no single attribute is undervalued

in the overall decision making procedure.

Consequently, cluster analysis was used to classify the respondents in order to check if

the overall results were indicative of a general consensus among PT users, or, alternately,

if there were different perspectives on what constituted SQ. Three clusters of preferences

were identified among respondents by hierarchical cluster analysis. By means of a second

round of conjoint analysis, the decision criteria for the three clusters were observed.

The largest clusters in both cities judged the SQ mainly by tactics and performance,

followed by lesser importance attributed to travel time. For these clusters, information

is the least decisive. However, for both cities, the analysis shows that the impact of
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high resolution real time information on the overall satisfaction was reasonably strong,

reflected by the highly important significance attributed to it by around 33% of the

respondents (on the average). Such a finding provides a powerful conceptual lens through

which reliable information on modern PT operation can potentially capture the essence

of the relationship between its effectiveness and various elements of SQ incurred as a

result of its deployment in an advanced, efficient PT system.

Furthermore, it is revealed that the marginal burden, or disutility, of out-of-vehicle

waiting time is perceived to be significantly more burdensome than in-vehicle travel time.

Hence, for developing any tactic model intended for users experiencing out-vehicle time,

more weight should be given to the penalty function of the tactic, and operators should

be attentive to this fact when they consider using such a tactic.

The limitation of this study is that the results presented cannot demonstrate strong

conclusions, but it clearly demonstrates a tendency. The inferences made in this study

are specific to the PT system of Auckland, New Zealand and Lyon, France. However, we

believe our study to be a start in developing our understanding of SQ by PT systems at

the operation level, by implementing real time operational tactics. A more comprehensive

and accurate study could show the attributes, the case, and the kind of passenger, for

whom it could be effective to propose improved SQ of PT operations. Future research

may continue to improve the modelling of SQ judgment by different PT users groups

and its sensitivity to different operational tactics.



Chapter 10

Summary, Conclusion and

Recommendations

This chapter provides a concise summary of the research findings based on the objectives

and research problems outlined in Chapter 1. These findings are presented using the

thesis’s three main categories: operational, environmental and demand aspect. Finally,

this chapter portrays the future research expected.

10.1 Summary of the Thesis

In contemporary society the public transport (PT) system is usually involved into a

complex urban area in which any change of its operation may have economic, environ-

mental and social impacts. It is increasingly evident that one of the most challenging

problems of policy makers is shifting a significant number of car users to PT in a sus-

tainable manner. Ceder (2007, 2015) suggests that an important consideration in the

effort to retain existing users and attract new passengers is to improve serviceability

by offering routes with seamless transfers. Notably, one of the common strategies for

increasing the efficiency of a PT system and making it reliable is utilizing real-time

control actions (tactics). Accordingly, in this thesis our overall objective is to develop

theoretical, computational and generic approaches of the challenge to make it possi-

ble to control, in real-time, selected moving elements in a PT network with random

variables, and maximize their encounter probability.
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In order to capture these heterogeneities of research approaches a "Library of Tactics"

has been adopted enabling us to maximize the number of successful connections between

PT vehicles, improving PT operation reliability, providing continuity between users’

preferences, and reducing adverse environmental impacts. Intuitively, employing advanced

technologies (e.g., GPS, automatic vehicle location, real-time information) through the

implementation of operational real-time tactics such as holding the vehicles, skipping-

stops, speed changes, boarding-limit, and short-turning in an optimal manner, provides a

"real-time" solution for responding to system’s deterioration. This approach will inevitably

help the society to develop a reliable, green, efficient, and attractive PT system.

The core of the operational aspect was to develop an efficient optimization algorithm

(using operation research techniques) to solve the problem in a real-time fashion. The

model has been tested, using simulation models, for a real-life case study in Auckland,

New Zealand from which promising results were attained for implementation in practice.

The environmental aspect covers a design of a life cycle assessment process. The

analysis showed that applying appropriate real-time PT tactics leads to a meaningful

reduction in total global warming per day.

The PT passenger demand aspect dealt with determination of user’s decisions and pref-

erences for situations characterized by the use of real-time tactics. Passengers’ behaviour

was investigated using survey studies. It was found that the extra times tolerated for all

the tactics is dependent on the characteristics of the site-specific PT service. In addition

PT service quality found too to impact passengers’ behaviour when using real-time opera-

tional tactics. The analysis showed that performance, information, tactic, and travel time

were the main service-quality attributes to impact this behaviour. Generally speaking,

the research findings of this thesis provide an opportunity to address key policy-related

PT issues. Two of such issues are discovery of ways to increase the satisfaction of the

PT users and finding ways to reduce CO2 emissions and air pollution.

10.2 Main Research Findings

This research proposes new modelling and methods for developing optimal real-time

tactics and strategies to attain a reliable PT service. In doing so it doesn’t only ex-

tend the state-of-the-art of the research of this theme, but also deliver guidelines on
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how to attain a better PT service to PT agencies and policy makers. The develop-

ment and ways to materialize an implementation of a "Library of Tactics" provide

new insights to create a more advanced PT system reflecting a further efficiency and

integration of a multi-modal PT operation.

Following are the main research contributions accomplished in this thesis.

The Chapter 2 formulated and tested the selected operational tactics: holding, skip-stop

and skip-segment by three scenarios: no-tactics, holding and skip-stop, and holding

and skip-segment; the two latter scenarios are combined operational tactics. The

implementation of the concept was performed in two steps: optimization and simulation.

The optimization searched for the best combination of operational tactics. The simulation

served as a validation of the optimal results under a stochastic framework. The results

demonstrated if, for instance, some stops are close to each other and only a very few

passengers will be impacted from skipping those stops; the skip-segment tactic can take

place as compared to the skip of individual stop tactic which has the limit that no more

than one stop can be skipped in a row. Further findings are as follows:

• The significantly better results achieved for the holding and skip-segment combined

tactic than for the holding and skip-stop combined tactic especially for short

headway cases.

• By using the combined tactics, compared with the no-tactics scenario, a considerable

reduction of total travel time is attained.

• When the schedule deviation tends to zero, the maximum saving of total travel

time occurs without the use of any tactics; this max travel time saving coincides

with max numbers of direct transfers.

• Passengers waiting for a late bus prefer, in the short headway cases, and for a not

so late and not so ahead-of-time bus, in the long headway cases, to continue to

wait than to find an alternative solution (walking or use of another travel mode); a

behaviour that makes it worth applying the combined tactics.

The study presented in Chapter 3 discussed original mathematical programming for-

mulations for three real-time control strategies, or policies: holding, skip-stops, and
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short-turning. The proposed model was evaluated in a stochastic simulation environ-

ment under different schedule-deviation conditions (events) that could highlight when

control policies improve the system’s performance. An agent-based simulation frame-

work was built to represent a real-life example and to generate random input data for

the proposed optimization model. Based on the formulations for optimization and the

simulation framework, an efficient algorithm for combining all control actions selected

was developed. Further findings are as follows:

• The results demonstrated that the effectiveness of combined tactics is higher than

that of any binary type of control. Thus, combining all control tactics leads to an

increase in direct transfer of up to 153% and a reduction in total passenger travel

time of 4.7% on average for all scenarios.

• In general, the short headways yielded the best results, compared with long

headways.

• A considerable reduction in total travel time was attained in scenarios having no

large schedule deviations. The finding confirmed the outcomes of Chapter 2.

• A holding and short-turning policy in a larger schedule-deviation scenario exhibits

better performance than a holding and skip-stops policy.

• The increase in passenger travel time stemming from the use of operational tactics

was usually less than 1%.

In Chapter 4, besides the reliability of the PT system, the effect of each tactic on system

performance was also investigated. System reliability is represented by schedule deviation,

which was calculated across all bus trips at the control stops. System efficiency was

represented by the effect of using different tactics on each bus trip for different events.

The most important outcome, which has been proved by the case study presented, was

that the system’s performance was enhanced by up to 58% with the aid of a proper

combination of tactics in the right state at the right time. Thus, the study achieved five

important contributions: 1) it introduced a simplified analysis for measuring PT system

performance; 2) it proposed a PT system deterioration and repair model; 3) it developed

an agent-based simulation model; 4) it enabled a new method for sensitivity analysis of

total passenger travel time, different strategies, and headways and their effect on the



10.2. Main Research Findings 239

system; and 5) it made it possible to simulate what-if scenarios, such as change of demand

because of unexpected passenger overflow, different combination of operational tactics and

minor changes in the transit network in real-time.The further findings are as follows:

• The skip-stop tactic is sensitive to headway and total passenger travel time. Thus,

operators should pay attention to this fact when they consider using such a tactic,

especially for long headways and with higher total passenger travel time.

• Significantly better results were attained for the holding tactic when the total

passenger travel time was low.

The study presented in Chapter 5 adapted a real-time control methodology to attain

optimally real-time control actions so as to minimize the bunching phenomenon. The

study used simulation tools in order to identify optimal settings by which a combi-

nation of holding and speed-changes tactics could be efficiently implemented. The

main findings are as follows:

• The proposed control strategy always results in a significant lower standard deviation

of the scheduled headways than the no-control strategy.

• The results showed a better outcome of reducing headway variations for Scenario 1

(base-demand) than Scenario 2 (high-demand).

• Applying semi-control strength in Scenario 2 resulted in a significant lower passenger

waiting time than the no-control strategy. For Scenario 1 the semi-control and

full-control strengths yield close results.

• Vehicle bunching situations were reduced significantly by the use of the operational

control tactics.

• The control tactics using Scenario 1 exhibited smaller average cycle time and lower

variability of the reliability measures than when using Scenario 2.

• The developed combination of operational tactics was sensitive to changes of

passenger demand at high-demand levels; this was related to changes in reducing

passenger wait time, in-vehicle time, transfer waiting time, number of bunching

situations and vehicle cycle time. In other words, operators should pay attention
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to the level of passenger demand when using operational tactics, especially with

full-control strength.

The study presented in Chapter 6 formulated and examined three control policies: no-

tactics, holding and boarding-limit, and holding and skip-stops under two scenarios: high

frequency and medium frequency services in headway-based PT system. This chapter is a

continuation of Chapter 5 especially in terms of utilizing event-based activity simulation

analysis framework. The main findings are as follows:

• If possible, a combination of tactics should be applied to attain a considerable

reduction in additional passenger travel time, and to outperform reliability in

meeting vehicles at transfer points. Holding tactic for earliness, boarding-limit

or skip-stops tactics for tardiness are quite beneficial with respect to control

effectiveness.

• Holding and boarding-limit policy in high frequency service yielded the better

result. On the other hand, holding and skip-stops policy exhibit better performance

in medium frequency service.

• Compared with a no-control situation, the control policy presented showed that not

only the expected additional total travel time was reduced (on average by 61%),

but it also outperformed other control schemes in terms of reliability in meeting

vehicles at transfer points.

• A considerable reduction in direct transfers was attained in holding and skip-stop

control policy. This indicates that this control policy is fairly robust to increase

the likelihood of direct transfers.

They study presented in Chapter 7 investigated the benefits of implementing a real-time

operational tactic scheme for the purpose of reducing the environmental impacts of PT

systems. Using life cycle assessment (LCA), has shown that by applying the proposed

control model a 5.6% reduction in total global warming potential (GWP) per day was

attained compared with the no-tactic scenario. The transport process is computed by

means of the GaBi dataset. The methodology introduced in this chapter has a wide

range of applications for PT systems in different geographic settings.
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The study of Chapter 8 was undertaken in two-parts: (i) an assessment of the effects of

delay on PT users’ perceptions and decisions to change route or mode; (ii) an evaluation

of users’ decisions based on various real-time operational tactics. To attain the objectives

of the study, a user-decision and preference survey was conducted to investigate users’

attitudes toward various control actions. To assess the differences, the same survey

was conducted in two cities with different characteristics: Auckland in New Zealand

and Lyon in France. A statistical analysis was carried out, and decisions models were

built using both multinomial logistic regression (MLR) and a decision tree (DT)-based

method. The main findings are as follows:

• In certain situations (e.g., waiting at a stop more than 10 minutes), more than 60%

of the travellers would change their decision and adapt their travel behaviour on

the basis of such a decision-support tool.

• Both models (MLR and DT) demonstrated that the most significant predictor

impacting on a traveller’s decision is delay time. Some other factors, such as the

purpose of trip, transfers, travel time, an even age of users, also have an impact on

passenger’s decision.

• To complete the guideline, tolerated time models using real-time tactics were

developed.

• The tolerated time, for certain event would find the study informative in suggesting

operational tactics according to the outcome desired.

• The extra times tolerated for all the operational tactics depend on the characteristics

of the PT service, which differ between Auckland and Lyon; on the average, it is

between three and nine minutes at both cities.

• The results showed that although the waiting-time tolerated can be compensated

by giving a bonus to users, it is difficult to do so with the extra walking time.

Finally, in Chapter 9, the PT service quality (SQ) was evaluated with four general

factors of performance, information, operational tactics, and travel time. A conjoint

analysis coupled with cluster analysis has been developed to capture the most important

factors in evaluating the SQ process. To assess the differences, the same survey was
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conducted in two cities with different characteristics: Auckland, New Zealand and Lyon,

France. The main findings are as follows:

• For each attribute level and factor importance indexes in both Auckland and Lyon

indicated that there are no meaningful differences between the two trip directions

(i.e., home-to-work and work-to-home) and they produce almost similar results.

• Performance element for both cities as the most influential attribute, exceeding

30% compared to the degree of impact of tactics in Auckland (around 29%), and

travel time in Lyon (25%).

• For both cities, the same level of importance was attributed to information, just

around 20%.

• All the chosen attributes were important and no single attribute was undervalued

in the overall decision making procedure.

• The largest clusters in both cities judged the SQ mainly by tactics and perfor-

mance, followed by lesser importance attributed to travel time. For these clusters,

information was the least decisive.

• It is revealed that the marginal burden, or disutility, of out-of-vehicle waiting time

is perceived to be significantly more burdensome than in-vehicle travel time. Hence,

for developing any tactic model intended for users experiencing out-vehicle time,

more weight should be given to the penalty function of the tactic, and operators

should be attentive to this fact when they consider using such a tactic.

Figure 10.1 illustrates the main contribution of each chapter and the research objec-

tive.
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10.3 Limitations

Data collecting required to illustrate and to validate the optimization, simulation and

statistical analyses represents a significant challenge. These challenges stem from the

restrictions existed in providing these data sets from the perspectives of privacy, ethical,

security and commercial-related sensitivity. A further limitation has to do with the use

of passenger demand only from two locations: Auckland, New Zealand and Lyon, France.

Other limitations are related to the assumptions used for constructing each model.

10.4 Future Research

Future research may continue to advance the library of operational tactics in terms of

categorization, configuration and representation of this library based on other research

areas. Harnessing newly available ’Big-data’ and recent advancement in communication

technologies make it possible to research for a general theoretical framework to represent

the optimal real-time decisions required for PT operations. Although this study is PT-

related the proposed concept has a potential to be applied to similar problems of logistics

where freight can replace PT passengers. Finally the following suggestions provide a

further future research directions to improve the proposed concept of this thesis.

(a) The development of a ready-to use decision-support tool to provide information

before implementing any control actions, and weighting the quality of transfers in

an optimization model for different transfer types.

(b) Extension of the methodology to evaluate the implications of real-time control tactics

and strategies on the inter-modal and multimodal transport systems.

(c) The development of an extended list of operational tactics within the considered

library of tactics, and investigate further scenarios of passenger demands, driver

behaviour, and network characteristic.

(d) The development of a more strategic and economic-based study to assess the benefit

of using real-time operational tactics

(e) Implementation of the LCA methodology to evaluate other environmental factors,

including: acidification, eutrophication, and ozone-depletion.
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(f) The development of methodology and analyses to evaluate the full environmental

and cost benefits of retrofitting local bus services with control systems for applying

real-time tactic based control.

(g) Extension of the methodology to integrate with other studies of risk perception and

psychometric modelling to examine the framework of the process behind passengers’

decisions.

(h) Extension of the modelling of SQ judgment by different PT users groups and its

sensitivity to different operational tactics.
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