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Abstract 

 

Abstract 

 

The  main  goal  of  this  dissertation  is  to  implement  a  new  method  to  reduce  transfer  times,  by  

increasing the real-time co-ordination between vehicles, minimising the impacts that these 

operations may have in others users' journeys. This was achieved through a new approach of real 

time co-ordination implemented in an Agent-Based formulation.  

The  city  of  Lisbon  was  selected  as  test  bed  of  the  developed  model.  Data  from  bus  operation  

(vehicles location and ticketing records) was aggregated, matched and treated in order to build a 

transfer flow matrix. This enabled the generation of an origin-destination matrix between real bus 

stops that served as inputs of the simulation model.  

The developed procedure starts by generating services and demand in real time, over which the 

co-ordination of services, both in space and time, is assessed. The evaluation process was based 

on an objective function that defines whether the system will gain, or not, with the co-ordination 

process, guaranteeing a minimum level of service. In case of a positive outcome the process was 

activated, accelerating and decelerating the affected services. 

A final analysis is formulated to evaluate the demand increase with a co-ordinate system on the 

users’ attractiveness. The final value shows an increase of the attractiveness of 3.4% of bus mode 

compared to the other alternatives and an induced demand value of 11,636 passengers if a co-

ordination method had been implemented. 
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Resumo 

 

Resumo 

O objetivo principal desta dissertação foi a implementação de um método novo para reduzir os 

tempos de transbordo, aumentando a coordenação em tempo real entre veículos, minimizando 

os impactos que estas operações terão nos outros utilizadores do sistema. Isto foi conseguido 

com o desenvolvimento de uma abordagem nova para implementar um sistema de coordenação 

em tempo real numa formulação de modelação por agentes. 

O que se desenvolveu nesta dissertação nunca foi antes conseguido à escala da cidade. Lisboa foi 

usada como caso de estudo ao longo deste trabalho. 

A informação vinda da operação dos serviços (localização dos veículos e registos da bilhética) foi 

agregada, equiparada e tratada de modo a permitir a construção de uma matriz de fluxos de 

transbordo. Isto permitiu obter uma matriz de origem-destino entre paragens de autocarro reais 

que foi utilizada como input do modelo de simulação. 

O  procedimento  desenvolvido  gerou  os  serviços  e  a  procura  em  tempo  real  sobre  o  qual  foi  

testada a possibilidade de coordenação de serviços. O processo de avaliação baseou-se numa 

função objectivo que definiu se existem ganhos no sistema com o processo de coordenação. Caso 

o resultado fosse positivo, o processo de coordenação foi ativado, acelerando e desacelerando os 

serviços em questão. 

Uma análise final foi formulada para estimar o aumento de procura com um sistema de 

coordenação  e  da  sua  atratividade  em  termos  percentuais.  Foi  estimado  um  valor  de  3,4%  de  

aumento de atratividade do autocarro relativamente a outros modos e uma procura induzida de 

11,636 passageiros.  
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I  Introduction 

 

I.1 Motivation 

The main role of transport networks is allowing people and goods to move between different 

points in space. 

In modern societies, users expect timely services, reliable connections, comfortable journeys, a 

genuine choice of travel options and services that respond to where and when they need to 

travel. 

Currently, mobility is a fundamental right of citizens and a driver of development by promoting 

access of people and products to the market. Thus, travel is mainly a derived demand and not an 

independent activity (Banister, 2008), although some authors have found an intrinsic utility of 

travelling in mode choice decisions, especially in non-mandatory trips  (Diana, 2008). 

This key role of mobility in modern societies may be also an important aggravating factor of many 

social problems, driving cities to unsustainable configurations, especially when this mobility is 

exerted with a strong dominance of the automobile. Some of these problems include  the loss of 

efficiency introduced by congestion; accessibility asymmetries that lead to social exclusion; the 

harsh of the environment from infrastructure development; the CO2 emissions that accelerate 

climate change; road accidents and the strong dependence on fossil fuels, which might be an 

indirect threat to peace (European Commission, 2011). 

Nevertheless, the implementation of severe policies towards energy use may compromise 

economic development, preventing a stronger support for deploying mitigation measures. The 

correlation between economic development and energy use is common at most developed 

countries, with some exceptions as Denmark, one of the first countries that decoupled those 

variables (Stern, 2011). 

Some of the impacts above mentioned have been severely worsened by a significant increase of 

the average trip length resulting from urban sprawl. From the mid-1800s to early 1900s, many 
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private developers built Public Transport (PT) infrastructures and cities expanded as a result of the 

development  of  these  networks.  The  growth  of  cities  was  closely  integrated  with  this  mass  

transportation and caused decentralisation along the transportation lines (Li and Lai, 2009). 

This process was changed drastically in the 1920s and increasingly since World War II. The 

flexibility of automobiles has allowed a high freedom of choice of places to settle down. This fact 

along with urban expansions outside the main PT corridors reduced the ridership and efficiency 

several bus and rail lines, enhancing single-occupancy private vehicles (TRB, 1997). 

A more favourable share of travel toward collective transport is urgently needed.  Steg in (2005) 

tried to assess the main motives that lead to a hard resistance of car users to switch to PT even in 

the case of substantial advantage of PT. A conducted survey revealed that commuter car use was 

closely related to symbolic and affective motives and not the technical features of the vehicle. The 

most important aspects to frequent drivers were the independence granted by the car. Yet, the 

author found a large heterogeneity in the evaluation of these psychological traits, being hard to 

find significant relations of these preferences with socio-demographic characteristics, which can 

potentially be a potential barrier to attract users to PT options. 

Therefore, it is paramount to identify which handicaps PT has when compared to the automobile 

and to evaluate which measures can be implemented to mitigate these issues. These measures 

can be classified into: 

 Availability in time and space. Ensuring a good public transport spatial coverage at 

different operation periods is a key element to reduce the private car dependency. Yet, 

the provision of these systems may not be viable for public transport operators;  

 Directness.  People  want  to  go  as  direct  as  possible  to  their  destination,  without  large  

detours; 

 Reliability of service. Transport users want a predictable and reliable service. From the 

youngest to the eldest, everyone wants to schedule their journeys based on the timetable 

and the expected access time; 

 Adequacy. Services offered must fit the users’ requirements, in terms of available 

connections and time availability. Today’s transportation market maintains a slow rate of 

adaptation of supply to demand.  
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These shortages have to be overcome in order to have an efficient and public transport system 

that can provide good accessibility to citizens and promote welfare. Several authors, like Banister 

(2008) and Diana (2008) state that a new mobility paradigm has to overlap.  

In Europe there is now an almost universal acceptance that better public transport is a key 

element to improve the quality of life in urban areas (Siemens, 2007). 

The essence of a public transport system is the concentration of passenger flows onto specific 

lines  of  movement.  It  is  hard  to  conceive  a  system  with  individual  space  line  services  in  urban  

areas that can serve all combinations of passengers’ origins and destinations (Terzis and Last, 

2000). 

In this context, transfers between transport services are inevitable in an efficient intermodal 

transport network. There are different modes that offer different features such as speed, 

capacity, investment, costs, comfort and the level of penetration in dense urban areas.  

Each mode has a duration-length optimal place. In order to avail advantages and avoid 

disadvantages of each one of them, a good level of integration is required. Actually, only then it is 

possible to have an acceptable, sustainable and competitive alternative to private cars (Vuchic, 

2005). 

Transport operators and planners should stride toward “the seamless journey”, a trip which 

involves a transfer between modes or lines in the same mode and the passengers would be hardly 

aware of the fact (Blythe et al., 2000). 

Oftentimes, a transfer is the bottleneck of a trip from a specific origin to a specific destination. 

The main cause is the additional waiting and walking time. The European Union White Paper 

(2011) and Green Paper (2007) identify this as a main concern for the near future. 

However, the typical large-city transport system has more barriers than just additional travel 

time. These include lack of information about the services available, weak signage at transfer 

interfaces, little concern about the way of information reaches customers, lack of safety and less 

than desirable conditions for waiting and walking (Terzis and Last, 2000). 

Even a small collective transport network has a very large number of locations where it is possible 

to transfer between services. Every time bus lines overlap, encounter or feed a subway or a rail  

line, we may have a potential place for transfer operations. Even though, according to (Terzis and 

Last, 2000)), in the vast majority of interchange places, people do not interchange frequently. The 
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importance of each transfer can be measured by the volume of passengers that transfer at that 

network point (Yu et al., 2011). 

The propensity to transfer is different from city to city, depending on the network design and the 

spatial configuration of the main activity centres. Statistics refer that in some cities, like Munich 

and London, around fifty per cent of passengers’ trips involve at least one transfer. In others, like 

Manchester and Newcastle, this percentage is less than ten per cent (Terzis and Last, 2000). In 

Boston this value is around thirty per cent (MBTA, 2010).  

Furthermore, transfers should be measured as penalties, as suggested in Guo and Wilson (2004) 

and not as only the waiting and walking time caused by the transfer. Other negative aspects 

should be also taken into account as discussed above. Moreover, the relationship between 

number of transfers and time penalty also is not linear (Guo and Wilson, 2007). 

Against this background, it is clear why the improvement of co-ordination in urban transport 

networks is needed. This dissertation intends to develop a real-time model that will identify the 

most  important  transfer  points  of  the  network,  check  if  a  co-ordination  between  services  is  

feasible and then apply and monitor it. This tool should reduce transfer times without penalising 

too much the people on-board, improving the quality of connections that involve many transfers. 

It  also  intends  to  improve  the  quality  of  connections  where  the  frequency  of  service  is  low,  

leading to large waiting times. 

The current study aims to fill a gap concerning the co-ordination in real time on a PT network. 

This dissertation is built on a model developed by Alves (2011) in his MSc thesis ‘Real-time Trip-

Planner in Urban Public Transport: Specifications and Preliminary Tests for Lisbon’, where a model 

for a reliable real-time trip-planning system is developed for public transport of Lisbon. His work 

allows  developing  an  application  for  PT  users  know  which  the  best  mode  choice  is  in  a  certain  

period of time, in a certain place inside the city of Lisbon. 

The main goal of this dissertation is to find a new approach to reduce transfer times, by increasing 

the real-time co-ordination between vehicles, minimising the impacts that these operations may 

have in other users’ journeys.  

Three research questions are intended to answer with this dissertation: 
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 Is it possible and computational feasible to create a system that receives data, evaluate 

and monitor, all in real-time, the possible co-ordinations in a real dimension transport 

network? 

 What is the impact of real time co-ordination in the system performance? 

 How much would be the significance of this co-ordination method on the attractiveness 

compared to other alternative modes? 

These objectives are going to be achieved by developing a new approach method of co-ordination 

implemented in an Agent-Based formulation. In the first place, a model is going to be built to 

portrait the bus operation at the present. This implicates a procedure to generate services 

(already developed by Alves (2011) and demand, both in real time. Afterwards, a co-ordination 

method is introduced in the previous simulation to study its potential at a city scale. A final 

analysis is formulated to evaluate the demand increase with a co-ordinate system. 

I.2 Structure of the dissertation 

The dissertation begins with an acknowledgement of the gap in the literature concerning the 

transport co-ordination in real time evaluation on a medium sized city network. 

This gap will be fulfilled in this document by concretising the evaluation in the city of Lisbon as a 

bed test. Data from bus operation (vehicles location and ticketing records) was aggregated, 

matched and treated in order to build a transfer flow matrix. This enabled the generation of an 

origin-destination matrix between real bus stops that served as inputs of the simulation model. 

The developed procedure starts by generating services and demand in real time, over which the 

co-ordination of services, both in space and time, was assessed. The evaluation process was based 

on an objective function that defines whether the system will gain, or not, with the co-ordination 

process, guaranteeing a minimum level of service. In case of a positive outcome the process was 

activated, accelerating and decelerating the affected services. The procedure created was then 

tested in the Model Evaluation Chapter. 

The final chapter presents the conclusions of this work and which would be feasible future 

developments to deepen what has been tested here. 

The structure and articulation of the different parts of the work can be seen in Figure I.1. 
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Figure I.1  Dissertation structure 
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II  State of the practice and state of the art 

 

II.1 Introduction 

This Chapter presents a detailed review of the state of the art and of the practise of organisational 

and technological measures related to the improvement of reliability of a public transport system. 

A major focus is given on two different lines of action: planning interventions (like timetable 

definition) and the efficiency increase during public transport operation. These two lines of action 

have been generally, until now, treated separately and a gap in the literature has been identified 

concerning the way to treat dynamically real time data. Furthermore, the improvement of 

efficiency in terms of public transport regularity and coordination can be obtained with either 

reducing the congestion and delays of PT operation, by controlling the use of the available 

infrastructure (e.g. traffic control systems), or by increasing the real time co-ordination between 

services, to minimise the transfer penalties imposed to users. 

This Chapter is structured as follows: 

First,  a  policy  statement  analyses  the  role  of  Intelligent  Transport  Systems  (ITS)  to  improve  the  

service provided for intermodal transport networks of major EU-countries, as well as the value of 

real time information to develop new useful applications. 

Then, a brief presentation of the Transport Timetabling Problem is made, analysing the state of 

the art formulations and applications of this problem.  

Afterwards, the relevance of PT reliability as a key element to attract users is analysed, followed 

by a discussion on how to improve reliability management on a transport network focusing on 

two of the possible strategies: efficiency increase by implementing ITS in the infrastructure and 

increase of vehicle co-ordination by monitoring and controlling. 

Finally, two different aspects are considered to be fundamental to model development: Transfer 

Penalty Estimation Models and Transfer Flow Matrices. 
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II.2 Policy statement 

II.2.1 Promotion of technologies for enhancing PT services 

Alongside with economic development, some cities also began incorporating the possibility of 

having each mobile component communicating with the system, opening a chance for new 

applications using real time information from the transport network. The result will be a transport 

system that can be characterised by an intensive layer of multi-directional and multi-actor 

communication. 

A  directive  from  European  Commission,  2010/40/EU  (2010),  discusses  the  framework  for  the  

deployment of Intelligent Transport Systems in the field of interfaces with other modes of 

transport. The document considers the need for implementing some ITS solutions related to the 

provision of EU-wide multimodal travel information services; i.e. the definition of the 

requirements to make EU-wide multimodal travel information services accurate and available 

across borders to ITS users; and the provision of EU-wide real-time traffic information services; 

i.e. the definition of the path to make EU-wide real-time traffic information services accurate and 

available across borders to ITS users.  

Improving service reliability is also becoming a key focus for most public transport operators. The 

development in the past two decades of automated vehicle location systems, automated 

passenger counting and computer-aided dispatching systems had promoted research and 

implementation of measures to improve reliability (van Oort et al., 2010). 

II.2.2 PT operation: a new efficiency paradigm 

The future path of research on urban mobility will be closely linked with the promotion of 

efficient systems, trying to optimise resources consumption with the goal of maximising synergies 

of the system and reducing total costs. Due to the financial structure of public transport 

companies, commonly based on monthly cards revenue and subsidies, these companies are not 

driven by client satisfaction (Hensher and Stanley, 2003). 

Operators should be focused on attracting users from individual modes and providing a better 

service to the final customers. The efficiency has to promote co-ordination. There are already 

some good examples of application of this new efficiency concept. In the next sections some of 

these improvements in co-ordination available in the literature are discussed 
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II.3 The transport timetabling problem 

“The timetable is the essence of the service offered by provider of public transport” 1 

Timetabling should be the most important scheduling activity of a public transport company (de 

Palma and Lindsey, 2001). It has a major impact on operating costs and on passenger satisfaction. 

Currently, there are two main timetabling strategies: the first fixes the headway and the second 

fixes the schedule of services on each line.  

The headway strategy has advantages in terms of flexibility to change the schedule, while the 

second can be more favourable on the trip time perception to transport users. 

De Palma and Lindsey (2001) state that the transport timetabling problem is related to the p-

median2 problem, familiar in operations research. Though, facilities are PT vehicles, users are 

travellers and the distance separating them is measured in time rather than geographic location. 

Nevertheless, the authors identify three different aspects from this p-median problem: 

 Instead of a discrete set of nodes, travellers may want to depart at any time, being 

vehicles also non-static points that can be independently scheduled. Thus, it is more 

appropriate to treat both as continuously time distributed functions3; 

 Travellers’ schedule delay costs can be different for arriving early or arriving late. A typical 

example  may  be  if  a  businessman  should  not  arrive  late  to  a  meeting  but  if  he  arrives  

earlier the benefit of it is would be small. The “distance” between a traveller and a vehicle 

should be neither linear nor symmetric (Amanda and Stephane, 2011); 

 Furthermore, the costs of schedule delays vary with countless conditions, very difficult to 

model, although very important, in order to locate demand patterns. Focusing on relevant 

attributes of mobility as the trip purpose, the monthly income and the formation of habits 

is necessary. Ignoring this fact and assuming an “average” traveller can result in aggregate 

costs well above the optimum estimated. 

 

                                                             
1 Jonathan Tyler in CASPT 2006. 
2 The problem of locating p "facilities" relative to a set of "users" such that the sum of the shortest 
demand weighted distance between "users" and "facilities" is minimised. 
3 (Labbé et al., 1995) began to treat this problem only for the non-static demand. 
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II.3.1 The three levels of complexity 

The mathematical formulation of the Transport Timetabling Problem is a large NP-Hard problem, 

due to the simultaneous definition of both the resources (vehicles) and their routes and 

schedules. This problem has been categorised in three levels of complexity. 

A  first  level  of  complexity  concerns  with  finding an optimal  timetable  for  an isolated line (e.g.  a  

single bus line). It is assumed that travellers have different preferred travel times and unit 

schedule delay costs for arriving earlier or late.  

The number of vehicles is fixed and has to be determined a priori. Vehicle capacity constraints are 

ignored  (each  vehicle  has  an  infinite  capacity),  just  as  the  logistic  problems  (ex:  how  to  get  a  

certain bus to a start point). De Palma and Lindsey (2001) model this type of problem. 

A second level of complexity covers different transport lines (e.g. a city network). For this type of 

problem it is hard to use classical optimisation techniques (Agrawal and Mathew, 2004). However, 

many recent studies have proved that some heuristics and meta-heuristics algorithms are suitable 

for this problem, such as ant colony algorithms (Poorzahedy and Abulghasemi, 2005), and genetic 

algorithms (Chakroborty, 2003). 

The latter level intends to cover also a whole city transport network, but in a real-time detection 

and operation focus, helped by a real-time co-ordination model focusing transfer points. The 

literature in this area remains scarce, aiming this dissertation to contribute to the body of 

knowledge. 

Chowdhury and Chien (2001)  developed a procedure to dynamically optimise dispatch times for 

vehicles departing an intermodal transfer station based on time, varying the total cost function. 

Their  research  uses  real-time  data  to  determine  dispatch  times  that  minimise  the  total  cost  

function (from the operator’s point of view), which includes connection delay cost, missed 

connection cost, and vehicle holding cost (Chowdhury and Chien, 2002).  

Although the research carried out by these authors is based on real-time data, the resulting co-

ordination output remains static. Thus, this method is useful to show the impacts of the increase 

of co-ordination in a hub-and-spoke network, where four feeder services connect a station to 

more disperse urban areas. In this example, the method can “significantly reduce total transfer 

time”, supporting the importance of a new method that is more technologically advanced and 

more feasible and applicable in the near future for a real transport network. 
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II.3.2 Cadence schedule timetabling 

A  deployed  example  of  a  static  solution  to  solve  the  Transport  Timetabling  Problem  is  the  

Cadence Schedule Timetabling. This process has been already implemented in Switzerland since 

2000, although only for the national train service. 

The system of trains serving the stations always at the same minute every hour or half hour forms 

the basis for a better accessibility of all the regions of the country. At the hub stations, the trains 

and buses arrive either shortly before the full hour or half hour, or at 15 and 45 minutes past the 

hour, and leave shortly afterwards as it can be seen in the figure below. The ideal connections 

contribute to make the travel times shorter. The hub-principle can only be realised by application 

of the planning triangle involving the three sectors: train service offer, vehicles and infrastructure 

(e.g. distances between stations have to be approximately the same).  

     

Figure II.1 Cadence Timetabling Scheme 

II.4 ITS Infrastructure solutions 

It  is  easy  to  understand  the  importance  of  ITS  in  infrastructure  as  a  way  to  enhance  service  

reliability. Yet, as the resulting benefits may not be immediately perceived and Infrastructure 

investment costs are high, which may prevent some operators to fully invest in these solutions. 

Some examples of this type of solutions are Transit Signal Priority (TSP) and Intermittent Bus Lane 

(IBL), shown subsequently. 

II.4.1 TSP (Transit Signal Priority) 

TSP is an operational strategy that facilitates the movement of PT vehicles through traffic-signal 

controlled intersections. Two types of TSP exist. The first one, signal priority, which modifies the 

normal signal operation process to better accommodate PT vehicles, while the second, signal pre-
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emption interrupts the normal process for special events such as an approaching train or 

responding fire engine. This second type can decrease the impact of non-recurring incidents. 

Objectives of TSP include improving schedule adherence and minimising PT travel time, while 

reducing the normal traffic operations impacts. 

Some case studies have proven the success of TSP systems. In Tacoma, USA, the combination of 

TSP and signal optimisation reduced transit signal delay about 40% in two corridors. Chicago also 

obtained an average reduction of three minutes in running time and enabled to save one 

weekday bus while maintaining the same frequency of services. Los Angeles also experienced a 

25% reduction in bus travel times with TSP (Smith et al., 2005). 

II.4.2 IBL (Intermittent Bus Lane) 

The concept of Intermittent Bus Lane (IBL) was introduced by Viegas (1996) as an innovative 

approach to achieve bus priority. The IBL consists of a change of status of a bus lane section when 

it is in the absence or in the presence of a bus in its spatial domain. When a bus is approaching 

such section, the status of that lane is changed to bus lane. After the bus moves out of the section 

it becomes a normal lane again, open to general traffic. Thus, with a system like this it is possible 

to allow more urban streets with an intermediate or low level of bus frequency to accommodate a 

bus lane without losing a significant capacity percentage to general traffic. A real world 

demonstration in Lisbon revealed an overall increase up to 20% in bus average speed, with limited 

impacts to the general traffic movement (Lu 2004). 

       
Figure II.2 Vertical sign and detail of IBL implementation 

II.5 Coordination between feeder and mass transit services 

Large transport networks have been usually formulated with radial or hub-and-spoke layouts. This 

configuration demands an efficient intermodal integration, where transfers play a vital role. 

Transportation operators offer multiple modes of service in order to suit services to travel needs, 
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which result in using high capacity rail services on very heavily travelled corridors and flexible bus 

services on lightly travelled corridors. In large radial networks, such as Massachusetts, numerous 

bus routes generally serve as collectors and distributors for the high capacity rail system. 

In  the morning peak period,  as  workers  are  commuting into the Central  Business  District  (CBD),  

the feeder routes collect riders from outlying areas and transport them to rail terminals, where 

they transfer and continue into the CBD. In the evening, the system works in reverse; once 

commuters arrive at rail terminals, buses distribute them to the outlying areas where they reside. 

During the morning peak period, this type of service is generally effective, as rail service is usually 

very frequent, and therefore passengers do not wait too long between trains. However, in the 

afternoon peak, passengers can find long delays transferring from high-frequency rail  service  to  

low-frequency bus service . 

With better service co-ordination, it should be achievable to provide a better evening peak 

service. Some examples can be found in the literature as co-ordinating feeder services at rail 

stations (Martinez et al., 2011, Shrivastava and O'Mahony, 2006, Cervero et al., 2010). 

II.6 Vehicle Co-ordination Strategies 

According to Milkovits (2008), one of the main causes of service unreliability is the lack of service 

supervision. Three different strategies are enumerated to prevent this type of failure: 

I. Holding - The vehicle is instructed to stand for a period of time to correct either the schedule 

or the headway. Holding for schedule correction is typically implemented when the vehicle is 

running ahead of schedule. Holding for headway is done when vehicles are bunched or the 

following headway is long. 

II. Express - The vehicle is instructed to progress down the route faster than in normal 

operations. This is achieved by either going full express (no intermediate stops), limited stops 

(only specific stops are served), or alighting-only (on-board passengers may alight only). 

III. Shortcutting - The vehicle is taken out of service and advanced to another part of the route to 

get a vehicle back on schedule or close a large headway gap. Short turning involves ending a 

trip before the terminal and beginning the next trip at that point.  
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II.7 Compatibility between different frequency lines 

Wong (2000) examined the potential of holding to improve transfers between high-frequency 

transit services. She developed an analytical and a simulation model to estimate the impacts of 

holding trains on the Green Line at Park Street Station in Massachusetts for passengers 

transferring from the Red Line.  

Wong (2000) used real-time information on vehicle location and passenger transfers to estimate 

the benefits of a potential hold. When benefits were greater than a predetermined threshold, the 

system held the train. Wong tried different holding thresholds and determined that higher 

minimum thresholds improve average benefits per train. Also notable is the fact that Wong’s 

approach yielded the greatest benefits in the off-peak periods. 

II.7.1 Low-frequency lines 

Clients from low-frequency routes may greatly benefit from bus holding and timetabling co-

ordination. There are large trade-offs between wait time savings that can be achieved through 

holding low-frequency vehicle trips, since passengers are subject to high penalties if connections 

are missed.  

From an operations standpoint, low-frequency bus routes are also easier to hold. As long as buses 

are not held for an excessive amount of time, it is easily perceived that holding such trips will not 

affect significantly operations in terms of headways (Desautels, 2006). 

However, changing the timetable can produce negative effects on downstream passengers as this 

segment predicts their arrival at a stop to pick a specific trip service. This probably can be solved 

with the interaction of vehicle speed which can be adjusted to fulfil the schedule of the next stop 

(a large distance between stops allows a higher time intervals to recover from schedule 

deviation).  

II.7.2 High-frequency lines 

Schedule adherence is much less important than headway maintenance on high-frequency routes. 

Nevertheless, as Desautels (2006) referred, there are three major concerns to enhancing vehicle 

hold systems for these types of services: 
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I. Limited time savings potential – High frequency lines have a small incurrence of time 

penalties and passenger arrival behaviour is also unpredictable and difficult to 

estimate; 

II. Headway irregularity – Vehicle headways are determined based on transfer demand 

and this can incur long headways. 

III. Recovery time issues – In a line with high passenger load, as high frequency lines are, 

services can be subject to significant schedule deviations. It is important to perceive 

the limitations of an operation control strategy so that system recovery time from 

possible delays does not suffer a high reduction. 

II.8 The importance of transfer flow matrices 

In general, passenger travel patterns are described by an origin-destination (OD) flow matrix, 

which quantifies passenger flows from origin to destination. For a bus route, the matrix quantifies 

passenger flows from boarding stops to alighting stops.  

Understanding passenger patterns on vehicle routes is essential, mainly for three different 

reasons: forecasting demand, planning an appropriate service and developing new control 

strategies while the operation proceeds. 

Vehicle route stop-to-stop OD flow matrices can be very large at a city scale. This can obscure 

some important flow patterns (for example a traffic flow between a residential and a business 

area). If there is significant overlap of stops catchment areas, the resulting OD matrix can dilute 

the real total volume of this link. 

To reduce OD matrices,  stops  can be grouped.  McCord et  al.  (2011)  presented in  their  work an 

approach to determine stop groups with an explicit objective of capturing important passenger 

OD flow characteristics. 

II.9 Transfer penalty estimation models 

One of the major factors that influence a study about transfer impact on urban mobility is the 

estimation of transfer penalties.  
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Guo and Wilson (2004) have done a survey about different types of estimation procedures to 

study the value of this inconvenience in a transport network as it can be seen in Table II.1.  

Table II.1 – Several Transfer Penalty Estimation Models. Adapted from (Guo & Wilson 2004) 

City of the study Variables used in the model Transfer 
types 

Transfer 
penalty4 

Stockholm, Sweden5 Walking time to stop, initial waiting time, in-vehicle 
time, fare type 

Sub6-Sub 
Rail-Rail 
Bus-Rail 
Bus-Bus 

4.4 
14.8 
23.0 
49.5 

Taipei, Taiwan7 Walking time, initial waiting and in-vehicle time, fare 
type Bus-Bus 30.0 

Edmonton, Canada8 Walking time to stop, waiting time, in-vehicle time, 
number of transfers Bus-LRail9 17.9 

New Jersey, USA10 Out-of-vehicle time, in-vehicle time Auto-Rail 
Rail-Rail 

15.0 
5 

Boston, USA11 Walking time, waiting time, transfer waiting time, 
out-of-vehicle time, in-vehicle time, fare type 

All modes 
combined 12 – 15 

Edinburgh and 
Glasgow,  UK12 Utility function not specified 

Bus-Bus 
Auto-Bus 
Rail-Rail 

4.5 
8.3 
8.0 

Boston, USA13 Waiting, walking and in-vehicle times, pedestrian 
and environmental effects, users features Sub-Sub 3.5-31.8 

Stockholm, Sweden14 Walking time to stop, initial waiting time, in-vehicle 
time, fare type 

Sub15-Sub 
Rail-Rail 
Bus-Rail 
Bus-Bus 

4.4 
14.8 
23.0 
49.5 

Taipei, Taiwan16 Walking time, waiting/in-vehicle time, fare type Bus-Bus 30.0 

                                                             
4 Minutes in-vehicle time per operation equivalence 
5 ALGERS, S., HANSEN, S. & TEGNÉR, G. 1975. Role of Waiting Time, Comfort, and Convenience in 
Modal Choice for Work Trip. Transportation Research Record 534, TRB, National Research Council. 
Washington D.C. 
6 Subway 
7 HAN, A. F. 1987. Assessment of Transfer Penalty to Bus Riders in Taipei: A Disaggregate Demand 
Modeling Approach. Transportation Research Record, 1139, 8-14. 
8 HUNT, J. D. 1990. A Logit Model of Public Transport Route Choice. ITE Journal, 60, 26-30. 
9 Light-Rail 
10 LIU, R., PENDYALA, R. & POLZIN, S. 1997. Assessment of Intermodal Transfer Penalties Using 
Stated Preference Data. Transportation Research Record, 1607, 74-80. 
11 CTPS,  C.  T.  P.  S.  1997.  Transfer  Penalties  in  Urban  Mode  Choice  Modeling.  Travel  Model  
Improvement Program. FTA and U.S. Department of Transportation. 
12 WARDMAN,  M.,  HINE,  J.  &  STRADLING,  S.  2001.  Interchange  and  Travel  Choice  Volume  1.  
Edimburgh, UK: Scottish Executive Central Research Unit. 
13 GUO,  Z.  &  WILSON,  N.  H.  M.  2004.  Assessment  of  the  transfer  penalty  for  transit  trips  -  
Geographic information system-based disaggregate modeling approach. Transit: Intermodal 
Transfer Facilities, Rail Transit, Commuter Rail, Light Rail, Ferry, and Major Activity Center 
Circulation Systems, 10-18. 
14 ALGERS, S., HANSEN, S. & TEGNÉR, G. 1975. Role of Waiting Time, Comfort, and Convenience in 
Modal Choice for Work Trip. Transportation Research Record 534, TRB, National Research Council. 
Washington D.C. 
15 Subway 
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II.10 Summary 

Two distinct lines of action are treated in this section: the planning interventions (like timetable 

definition) and the efficiency increase during operation. Generally, these two lines are being 

treated separately and there is a gap in literature about using real-time data to validate, in each 

instant, a real time decision model to improve PT co-ordination, minimising the transfer 

discomfort and to increase the PT attractiveness. 

A literature review was then deepened to prove the importance of ITS to provide a better service 

by transport operators and to value real time information for the future of transport networks 

based on new frameworks for, either research or useful applications. Then, the Transport 

Timetabling  Problem arises  as  still  an  unsolved problem for  the new generation of  ICT.  Yet,  the 

national train network of Switzerland present an infrastructure construction solution, which is not 

easily transposed to a non-dedicated transport infrastructure with high exposure to non-recurring 

delay events this is not a feasible solution. 

Afterwards, it is showed the importance of reliability in PT service is shown, presenting two 

strategies: efficiency increase by implementing ITS in infrastructure and increase of vehicle co-

ordination by monitoring and controlling mechanisms. This dissertation focus will be on the 

second strategy. Although bounded by the initial static specifications of a timetable, this level 

allows real-time re-optimisation of system performance. 

Finally, it is presented an article dealing with a technique to estimate transfer flow matrices and 

the impact of the transfer penalty in route and mode choice. 

                                                                                                                                                                                         
16 HAN, A. F. 1987. Assessment of Transfer Penalty to Bus Riders in Taipei: A Disaggregate Demand 
Modeling Approach. Transportation Research Record, 1139, 8-14. 
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III  Case study presentation 

 

III.1 Introduction 

This chapter presents the study area where the simulation is applied. The model implementation 

will be based on Lisbon’s surface public transport operator Carris. A description of the city will be 

followed by a brief summary of some features concerning the PT network.  

III.2 The city of Lisbon 

Lisbon is the capital city of Portugal and is the largest city of the country with approximately 545 

thousand inhabitants (INE, 2011) and an area of 84.8 km2. Figure III.1 shows the population 

evolution. Since 1981, population in Lisbon has declined 32% driven by effects of sprawl. The city 

is  located  in  the  estuary  of  the  Tagus  River  closed  to  the  coast  of  the  Atlantic  Ocean.  It  is  the  

centre of the Lisbon Metropolitan Area (LMA), which has approximately 2.8 million inhabitants, 

representing roughly 25 per cent of Portugal’s population, with an area of 2,962.6 km2 (3 per cent 

of country), formed by 18 municipalities.  

 
Figure III.1 Evolution of Lisbon Population (Martinez 2011)  
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The  LMA  generates,  approximately,  3.23  million  daily  trips,  from  which,  approximately,  882  

thousand are performed inside the municipality of Lisbon. This large number of trips presents an 

average length of 3.2 km.  

III.3 Lisbon’s public transport system 

Lisbon is a medium-sized European city that has a multi-modal transport network. Its network is 

composed essentially by a large bus and tram network, operated by a public company named 

Carris and by a subway network operated also by a public entity named Metropolitano de Lisboa.  

III.3.1 Bus and tram networks 

There is a single bus operator in Lisbon, Carris. Carris has not only 752 buses but also a set of 57 

trams, 3 cable cars and 1 lift (Carris, 2010). Carris subcontracted EFACEC to design and manage 

the operations support system. This contract includes: 

 Automation of bus and tram operations management; 

 Geographical location of each vehicle; 

 350 Panels at stops for real-time passenger information; 

 Information via Internet and SMS; 

 Voice and data communication between the control centre and vehicles. 

The above mentioned panels, the Internet and SMS services provide arrival forecast information 

in real-time based on bus location and historical travel information. 

 
Figure III.2 Carris Demand (Carris, 2010) 
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By analysing Figure III.2, it becomes clear that the demand for Carris transport services has 

suffered a severe demand reduction in recent years, especially since 1986, when Portugal joined 

the European Union (EU). This trend is due to the subway network increase for one hand and, on 

the other hand, due to a significant increase of average household incomes, leading to an increase 

of car ownership and relocation of inhabitants to suburban areas, not covered by the PT network 

(de Abreu e Silva et al.,  2012). In terms of route network, Carris operates 87 regular, 1 seasonal 

and 2 airport lines and its network configuration is presented in Figure III.3.  

 
Figure III.3 Carris operating network map (Carris, 2010) 

During the night, services are operated only along the main axes. Carris operates five tram lines, 

three cable cars and a lift, operating in hilly neighbourhoods of Lisbon. 

The statistical distribution of distances between consecutive stops on the same line (shown with 

cumulative probability and probability density functions) is shown in Figure III.4. To this analysis 

only arcs between stops used by a Carris bus line were considered. The data set contains 4805 

arcs (arcs can overlap spatially, but are unique for each bus line). The analysis produced an 
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average distance between stops of 369.8 m with a standard deviation of 274.1 m. It is important 

to notice the need for longer arcs when in the presence of overlaps with highways. It should be 

also acknowledged that short sections must be avoided if commercial speed is important (except 

in areas with steep grades, which make user access difficult). One important value taken from this 

analysis is that the distance between two consecutive stops is less than 166.1 m for 20% of the 

stops. 

 

Figure III.4 Distance between stops analysis [m] (Alves, 2011) 

The spatial distance between consecutives bus or tram stops in the Lisbon’s system also revealed 

some problems in terms of equitable distribution to ensure a reasonable commercial speed of the 

services, which otherwise are forced to stop immediately after the acceleration from the previous 

stop, apart from the regular traffic constrains. This fact leads to a very low commercial speed 

average  speed  registered  by  Carris  in  the  year  2011,  14.4  km/h  (Carris,  2010),  which  may  limit  

sufficiently their level of service and divert current users when in the presence of a faster and 

more reliable alternative. A striking fact observed with the analysis developed by Alves (2011) was 

that corridors with bus lanes do not present significantly higher commercial speeds than other 

regular streets of the network. 

III.3.2 Subway network 

Metropolitano de Lisboa is the operator that manages the Lisbon’s subway system. The subway 

network was first constituted by a Y shape network, with 11 stations and only one line. In July 

1995 the single line was converted into two separate lines, the blue and the yellow line. In1998, 

the network was expanded to its current four-line configuration, attending the 1998 World 

Exhibition (Expo’98) requirements. Thereafter, additional stations were built to increase the 

potential demand range of the subway. 
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The number of subway passengers has also been progressively growing as seen in Figure III.5. Part 

of  this  increase  is  due  to  the  decline  observed  in  demand  for  Carris  services  and  also  due  to  

network expansion in the last decade (Martínez, 2010). 

 
Figure III.5 Subway demand and network length (Source: Metropolitano de Lisboa, 2012) 

III.4 Conclusions 

This Chapter shows a brief presentation of the city which will be the main study case of this 

dissertation. The transport network of Lisbon is composed essentially by a bus and tram network 

and a subway system. Carris has been losing passengers over the years and the ratio passengers 

per network length of subway had been decreasing between 1987 and today. 

The capacity for the subway is four times larger than the average use during the day and five 

times larger for buses and trams. These values are common in some European countries like 

Germany (average bus occupancy rate of 23%, source: Eurostat).  

These factors make this city a good test bed to apply the model developed in this dissertation but 

only the bus and tram network of Lisbon will be used due to data availability. 
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IV  Bus demand profile and transfer flow 

generation 

 

IV.1 Introduction 

This chapter presents the data mining process undertaken to prepare the required data for the 

Carris operation simulation model. This process includes the data generation of demand profile of 

each bus line (in space and in time). This process was supported by the log file of Carris operation 

owned by the company EFACEC for the month of April of 2010. This dataset contained two 

separate datasets about the bus ticketing and the bus location file were not linked with any code. 

Initially the attributes provided in the raw log file will be described followed by all the data mining 

processes required to generate the final demand profile for each bus line. The process of 

matching the two different files, the GPS location of the vehicles and the ticketing information is 

then presented. Afterwards all the procedures to build the matrix with the boardings rates per 

Edge ID and zone of destination is described, which encompasses seven different steps described 

along this chapter. 

IV.2 Data description 

This data was obtained through a protocol signed with the MIT-Portugal Program, aiming to feed 

with real time data the CityMotion project, but also provide additional information about demand 

patterns to other projects in the same program (SCUSSE, SOTUR). The data was divided in two log 

files17:  the GPS location of  buses  and the ticketing information from December 2009,  as  well  as  

January, April and May of 2010. 

The GPS location data was already processed by Alves (2011), research on which this dissertation 

intends to build on. The original log file of GPS location has fourteen different attributes of the 

                                                             
17log file - data file with information about the state of a system, stored in certain time instances 
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route, the vehicle and the stop. The final output variables from his work and their description are 

presented in Appendix 1. 

The second type of data, ticketing information, was received in raw format and contained the 

attributes described in Appendix 2 .  

IV.3 Ticketing log file processing 

The ticketing information for each one of the months provided by Carris was condensed in a 

unique text file of approximately 1 GB of data (about 12 million records).Each month had to be 

split into some small parts, and then aggregated by days. This dataset was initially filtered in order 

to only include complete records. Moreover duplications of the passenger’s boardings were also 

filtered to avoid double counting of the some passenger. 

 As the ticketing file did not present any information about the boarding stop of the clients, the 

identification of stops had to be estimated. This estimation considered the time gaps between 

successive clients at the same bus line, which indicates that there is a travel segment between 

stops if any additional validation is found. The estimation of this attribute was developed using an 

imputation algorithm built over a rule-based algorithm. This algorithm presented a simple 

objective functioned constrained by two main time thresholds: 

 Time difference between consecutives records had to be less than 15 seconds 

 All the clients boarded at the same stops had to be within a maximum two minutes span 

The output of this step is a file, aggregated by stops, with all the registered boardings. 

The initial 12 million records, after the cleaning process, turned into 11.9 million records (99.4% of 

initial records) and, after the imputation method, the total number of boarding moments at stops 

were estimated in around 4.3 million, which results in an average value of 2.8 passengers by 

boarding. 

IV.4 Ticketing and GPS data matching 

In  this  step,  the  objective  was  to  match  the  ticketing  and  GPS  data  for  each  bus  in  order  to  

estimate the boarding stop of each client. The link between the two files was found to be 

incoherent, since the vehicle codes were not the same in both datasets. A match procedure much 
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more complex has been developed based on the time of ticket validation, the bus line and the bus 

passage times verified. This process was only performed for weekdays, which was the focus of this 

study. 

The first problem found was that some vehicles do not have GPS equipment but they have 

electronic ticketing machines so it was necessary to identify the unmatched information. As the 

intention of this dissertation is to evaluate the potential of co-ordination in a real time basis the 

cases that did not have GPS equipment were ignored. The number of lines, in this case, were 

residual (7 of 90) and four of them were touristic trams. 

Although  some  vehicles  of  other  lines  may  not  have  the  GPS  equipment  it  was  not  possible  to  

know which ones were and they will be processed with the matching procedure. The ticketing 

records of these vehicles will  not going to be found a match vehicle and so it is later possible to 

take them out of the future estimations. This procedure matched about 72.5% of the records, 

leading to an imputation of the bus stop code for 3.12 million of the registered boarding 

moments.  

IV.5 Zoning of the study area 

The administrative divisions of the municipality of Lisbon are reported in several studies as 

inappropriate for modelling purposes, due to their great disparity in population and activity. This 

fact is due to their ancient religious genesis, recently contrasted by large boroughs near the city 

fringe, leading to a high discrepancy of geographical detail (Martínez et al., 2009). 

 
Figure IV.1 Lisbon Zones 
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To deal with this problem the geographic zoning used in the simulation model and all the other 

spatial analysis was based on the Mobility Plan of 2004 for the Lisbon city (Câmara Municipal de 

Lisboa, 2005) . A refinement to this spatial unit was introduced by splitting each area into three 

different centroids (with the exception of the Airport Zone), resulting in a total of 118 zones 

presented in Figure IV.1. 

IV.6 Demand time periods 

In order to generate demand boarding rates for each bus line along the day, different time 

periods were considered resulting from the analysis of the demand distribution of a regular Carris 

operation day (see Figure IV.2). 

Analysing the figure, it has been identified a morning and an afternoon peak of boardings (from 7 

to 10 o’clock and from 16 to 20 o’clock), a time between those with a steady boardings per hour 

rate.  There  is  also  a  post-working  time  starting  at  20pm  and  the  night  period  starting  at  23pm  

until the 7am of the following day.  

 
Figure IV.2 Week day bus boardings distribution (e.g. 12th April 2010) 

IV.7 The boarding matrix building procedure 

After the creation of a dataset with a spatial reference to a boarding stop for each passenger at 

each bus line developed in the previous procedure, an OD matrix of boarding flows by time period 

was estimated. This boarding matrix aimed at estimating the demand generation rates at each 

stop of a bus line towards each zone of the study area (118 zones). 
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In order to estimate the alighting stop or area of each passenger to generate the OD matrix, an 

additional dataset was used to compute the aggregate bus OD matrix for the city of Lisbon by day 

period.  This  reference  OD  matrix  was  obtained  from  the  Lisbon  Mobility  Plan  survey  (Câmara  

Municipal de Lisboa, 2005). Furthermore, additional data about the perception of bus passenger 

over the waiting times and transfer penalty was collected from a recent survey undertaken under 

the SCUSSE project. (Santos et al., 2011). 

The methodology used for this procedure that gathers data from three data sources is presented 

in Figure IV.3. 

 
Figure IV.3 Matrix Building Procedure 

There may be some problems on the spatial boundary zones but this will have little impact on a 

network scale. Other methodologies could be followed like an analysis of the boarding of each 

ticket ID and assume that the second boarding would be near the exit of the first trip and so an 

inverse path matrix could be achieved. This conjecture would be more computationally heavy 

(e.g.  the  next  record  could  be  in  a  different  bus  line),  the  errors  due  to  it  could  impose  more  

uncertainty than the methodology used here and a lot of records would be not matched. 

Each set with the same bus line, way and stop would be names as an Edge ID and, in the case of 

Lisbon there are 4805 different Edge ID’s. 
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IV.8 Distribution of bus boardings 

The information about bus entrances along the day will be divided into the five periods of the day 

as abovementioned. 

All  the  records  within  each  one  of  those  periods  and  with  the  same  bus  line,  way  of  the  bus  

(descendant, ascendant or circular) and stop will be considered as a Normal distribution. From all 

the boarding records of each bus service, an average value of bus boardings per minute and a 

standard deviation was calculated and saved into a new matrix as it is shown by Figure IV.4. This 

matrix was obtained for all the sequence of bus stops and bus line. This element was designated 

as Edge ID. In the case of Lisbon there are 4805 different Edge ID’s. 

 

 

 
 Figure IV.4 Distribution of bus boardings per Edge ID 

IV.9 An updated OD zone-to-zone matrix 

The first step of this methodology has been to change the Edge IDs boarding data to the vertical 

border of a new OD matrix as represented in Figure IV.5. Being = {1, … , , … , } were the set 

of possible zones and = {1, … , , … , }  the set of the possible Edge IDs, each element of an 

array representing the boardings per zone of entrance ( ) could be written as: 

=  (IV.1) 

... 
Bus Line Way Stop

727
727
727

ASC
ASC
ASC

155
170
155

Time
7h05

Entries
2
5
7

7h06
7h16

727 ASC 170 77h18

... 

Bus Line Way Stop
727
727

ASC
ASC

155
170

Time Period
7h00-10h00

Average
4.50

6.007h00-10h00

Std Dev.
3.54
1.41
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where  is a binary variable, checking if the correspondent zone of the Edge ID  was  and 

 is the total flow entered at the Edge ID  to all the exit zones. The goal at the end of 

this chapter is to estimate the flow between each Edge ID and each exit zone ( ). 

The available OD matrix (Viegas and Martinez, 2010) was then updated using the same 

probabilities from each cell multiplied by the boardings registered at the Carris database. The 

resulting matrix is given by: 

=  (IV.2) 

where  is conditional probability of exiting a specific zone , knowing that it entered in zone 

 and estimated as the quotient between the probability of the interception of the two events 

occur and the probability of occurrence of boarding the zone .  

This new OD matrix has been calculated for each hour of the day like it is shown on Figure IV.5. 

  
Figure IV.5 Updated OD Matrix and Total Boardings per zone and hour 

IV.10 From a zone-to-zone matrix to an Edge ID-to-zone matrix 

The  transition  from  the  Zone-to-Zone  to  and  Edge  ID-to-Zone  matrix  was  formulated  as  a  

conditional probability result from the variation in travel time and the number of transfers from 

the base zone centroid to the destination zone and the path, given that the passenger is already 

riding the bus line. 

The mathematical formulation of this procedure is represented on equation (IV.3, where  is 

the flow from each Edge ID  to each zone out ;  is the flow from zone in  to zone out 

; and  is the probability of each Edge ID  be the chosen to embark to get to a certain zone 

of destination .  
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=  (IV.3) 

To estimate the value of  of  each  Edge  ID  –  Exit  Zone  pair,  a  disturbance  was  imposed  

conditioned by the time difference between the beginning of the trip in each Edge ID and also an 

additional penalty in presence of additional transfers. The resulting equation is: 

= + ( ) + ( )  (IV.4) 

where  is the substitution rate of that probability with a certain time variation;  is the 

substitution rate of that probability with the variation with a number of transfers;  is  the  

average of the distribution of accessibility times for each zone of entrance;  is the time verified 

for that Edge ID;  is the average of the distribution of number of transfers for each zone of 

entrance;  is the number of transfers verified for that Edge ID .  

But additional information is needed: the time and the number of transfers of each zone to each 

zone and of each Edge ID to each zone and the utilisation rate of the probability with a time or 

transfer number variation between paths. 

IV.11 Time and transfers variation term calculation 

The  estimation  of  the  travel  time  and  number  of  transfers  from  each  bus  stop  to  the  zones  

centroids was performed using GIS software (Geomedia Professional) over a public transport 

modelled network. Using a shortest path algorithm presented on the transportation module 

embedded on GIS software (Geomedia Transportation Manager), it was possible to create a 

macro which records the time and number of transfers of each OD pair (zone-to-zone). Here was 

also include cases where a part of the path could be made by subway and not only by bus. These 

cases are going to be more detailed in Chapter V. 

The Edge ID to zone pairs time duration and number of transfers’ estimation had only a small 

difference. The intention in these pairs was to find the shortest path considering that a person 

was already inside the bus on that edge ID. And so, in order to do that, the origin of the paths was 

the value of the coordinated of the Edge ID plus a tiny distance in the path, turning impossible to 

get off the vehicle unless it gets the next stop of the service. 

With this information it was possible to calculate a time difference between each Edge ID within a 

zone and the path chosen by the algorithm to the zone centroid. An illustrative example can be 
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seen in Figure IV.6. Therefore, the same procedure has been done on the number of transfers. 

Hence, the terms ( ) and ( ) are  already  been  found  for  each  Edge  ID  –  zone  

pair. 

For intra-zone trips the accessibility times considered was the walking time between each Edge ID 

and the centroid and due to that, the time difference of all the Edge ID’s within each zone of 

destination are negative and the probability function is null. An assumption is made: people which 

wants to go to the same zone that they are already, will probably not taking a bus and even they 

do so their time in the system is very small and their importance to measure the gains and losses 

of a co-ordination procedure is short. 

 
Figure IV.6 Accessibility time difference procedure 

IV.12 Substitution rates estimation 

In order to standardize the transfer penalty with the travel time estimates under a single unit, the 

substitution rates of the probability in terms of the time and the number of transfers was 

estimated.  

First, an initial acknowledge intends explain the data source. These rates are obtained based on a 

discrete choice model with a Multinomial Logit formulation calibrated with a survey of declared 
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and revealed preferences. This model was developed in an extent of the SCUSSE project to 

evaluate the impact of new modal alternatives for the city of Lisbon, obtaining the utility function 

of each mode. 

With  this  model  calibrated  it  was  possible  to  run  two  iterations  of  the  model  only  with  the  

available modes with a minute time difference on bus mode. In this formulation, each mode has a 

specific utility function with a different configuration of the parameters (  ). These parameters 

are detailed on the Appendix 2. 

The time difference between the utilities is, approximately, the substitution rate of the utility with 

time, . The equation of the substitution rate is: 

= =  (IV.5) 

where  is the utility function of the bus mode taking  minutes,  is the utility function of 

bus mode taking  minutes,  is the set of possible variables given by the inquiry,  are the 

calibrated parameters of the model for the bus mode,  are the values of the variables given by 

each inquiry and  are the same values except for the time which is  instead of . 

The probability function of bus mode is the ratio between the value of the utility function 

obtained and the total utility of all the existing modes. The probability difference between the 

two iterations is the first degree approximation of the substitution rate of the probability with 

time. 

= = =  (IV.6) 

where  is the probability function of bus mode, taking  minutes,  is the probability 

function of bus mode, taking  minutes,  is the set of different modes and  are the calibrated 

parameters for each  mode. 

These calculations were made for each survey, resulting in different values of probability 

differences with a time unit variation. The value considered was the average value of substitution 

rate of probability and has the value of -1.90 % per minute which means for every extra minute 

on the travel time the probability of a people choose that mode decreases almost two per cent. 
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The substitution rate of the number of transfers could not follow the same procedure due to the 

fact that the number of transfers is a positive integer variable and so, a trade-off between the 

number of transfers and the time was considered and this trade-off times the substitution rate of 

probability with time gives a good approximation of this substitution rate as explained by the 

equation: 

=  (IV.7) 

where  is the trade-off between time and the number of transfers for the bus mode. Based on 

the work developed by (Eiró and Martinez, 2012), a discrete choice model was developed to 

measure key aggregate indicators for policy making. Their work was applied to Lisbon 

Metropolitan Area and, for light PT, the trade-off value obtained was 10.22 minutes per transfer. 

The final value of the trade-off between time and the number of transfers for the bus mode was -

19.41 % per transfer. 

IV.13 Parameterisation of the probability function 

With the previous two sub-sections and the matrix zone to zone it is possible to calculate the 

probability of board in a certain Edge ID and alight in a certain zone. But this new probability is 

not parameterised. So, a final parameterisation has to be made like it is explicit in the equation 

below. 

=  (IV.8) 

With this value, a matrix of probabilities of exiting at each zone, knowing that people entered a 

specific Edge ID is built. With the information about the number of passengers, by hour, which 

boarded at each Edge ID it is possible to have the matrix, per hour, of the people that boards that 

Edge ID and alights in each one of the 118 zones. 

As it was previously considered for the model input five periods of day, a rate of people per 

minute per pair Edge ID-zone per period was obtained. 
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IV.14 Conclusions 

This chapter showed the bus demand profile generation and the method to build a transfer flow 

matrix. A first procedure was developed for cleaning the ticketing data and matching it with the 

GPS location of the vehicles to feed the main borders of the transfer flow matrix. 

Then, a formulation is presented to build an OD matrix with the Edge IDs (same bus line, way and 

stop) at the origins and the zones (118, in the case of Lisbon) at the destinations. 
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V   Simulation model development 

 

V.1 Introduction 

Agent-Based Systems (ABS) incorporates Multi-Agent Systems (MAS) that are systems composed 

of multiple interacting computer elements, known as agents and in a common environment 

(Martínez, 2010). ABS introduced the possibility of modelling complex phenomena where 

structures emerge from interactions between individuals, opening up new avenues for theoretical 

and experimental research into self-organizing mechanisms present in the real world (Barros, 

2004). 

This chapter presents how the model to simulate the bus network operation and travel time 

prediction was developed within the framework of ABS using the inputs developed in the previous 

chapters and some objects derived from the work developed by Alves (2011) when he modelled 

the Lisbon transport network on the same software.  

V.2 Agent-Based modelling 

In general terms, “an agent is a computer system that is situated in some environment, and that is 

capable of autonomous action in this environment in order to meet its design objectives” 

(Wooldridge, 2002). MAS allow the possibility of directly representing individuals, their behaviour 

and their interactions. 

The model presented here was written in JAVA programming language, using the software 

AnyLogic. This is a software platform to create agent-based simulations, system dynamics 

modelling and discrete event simulations developed by a research group in Saint Petersburg, 

Russia. AnyLogic provides a library of JAVA classes for creating, running, displaying and collecting 

data from complex simulation environments. In addition, it allows the user to customize 

simulation outputs. 
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Two main classes of objects available in AnyLogic libraries were used: agent classes and object 

classes.  

The agents are special objects which can have information about several variables but also can 

have internal states and perform actions in the model which can influence other objects. Its class 

in the model describes the behaviours and characteristics (states, capabilities) of them and it is 

largely simulation-specific. It also sets up and controls both the representational and 

infrastructure parts of an AnyLogic simulation. 

 

Figure V.1 Typical Agent Flowchart (Lin, 2002) 

 

The environment was defined by the road network model set in the simulation by the geographic 

configuration of the Carris service during 2008. The compatibility between this information and 

the existing log-file (for the years 2009 and 2010) was accessed and some minor corrections had 

to be made based on direct network observation.  

V.3 Theoretical formulation of the model 

The most important and also the most complex thing about agent based models is its formulation. 

This definition influences the way reality is modelled. The first frame has to be as simple as 

possible but should consider all the variables which are needed to represent the real world. 

A model to portrait the actual operation of Carris is firstly built. This model intends to analyse the 

performance of the network, simulating the reality of the operation of the bus network of the city 

of Lisbon. It will be used as a base to apply the co-ordination method. 

The Brain agent takes no action during this simulation at the normal operation mode. With the 

supply and the demand inputs from data prepared in Chapter IV it was possible to create a 
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complex agent-based model that tries to portray what happened in Carris operation during a 

week. In model two main types of agents are required: the sections and the services.  

The first set of agents represents three infrastructure elements: the group of the origins stops, the 

road  arcs  crossed  by  at  least  one  bus  line  and  the  group  of  stops  at  the  end  of  the  arc.  Each  

section predicts travel times of buses traversing it.  

The services represent the buses and trams moving on the network and operate the established 

routes receiving the travel conditions, set by the sections.  

An additional agent is needed for the co-ordination method implementation – the Brain. This 

agent is not replicated like the others and intends to evaluate the potential of co-ordination of 

each pair of services which are operating every 15 minutes. It also calculates the trade-offs 

between the people which are penalised and the ones which had increased their trip quality. It 

also takes an action of co-ordination in the adequate situations and monitors each coordinate 

procedure. 

 
Figure V.2 Environment and agents of the model 

This model is composed by three main blocks: the supply side defining the spatial and operational 

features, the demand side setting the users’ demand profiles and the co-ordination agents that 

try to serve the demand as good as possible. Figure V.3 presents a general scheme of the model. 

The model supply is set by Zones, Stops and Edges ID.  

Zones (40) were designed to aggregate historical speed records for each section and to estimate 

the travel speed for each section and they are the same used in the Lisbon Mobility Plan in 2004. 

Zones 281 (118) are used as a destination to flows of demand and the division of this zoning into 

three different centroids (except for the airport zone which has not been split) developed for the 

SCUSSE project. 
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Figure V.3 General scheme of the model 
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Stops (2513) represent the physical infrastructure of each bus stop and Group (1739) is a simple 

agglomerative hierarchical clustering of the stops spaced by less than 30 meters. It is Group 

coordinates which are considered to estimate the sections speeds. 

Edges  ID  (4802)  are  every  set  of  two  consecutives  stops  and  the  arc  between  them  which  is  

performed by each bus line with the same direction. They are linked to the services which are on 

the move and it is there (on the start stop) that demand is injected minute by minute with a 

certain arrival rate. Sections give information to each Service that traverses them about the travel 

conditions. These travel conditions are estimated by a prediction algorithm that analyse the 

historical data from that segment of road, from the neighbours segments within that zone and the 

actual travelling speed of the service. All of these calculations are made in the section agent. 

Common sections emerge with the need to consider the speed on some parts of the sections 

which are common with other sections. In this case, a procedure guarantees that in that part of 

the segment of the road services traversing it do not exceed others.  

The model demand is divided into two main elements: the probabilistic demand and the mobile 

sensors to evaluate the performance of the system. 

The probabilistic part generates the real historic demand estimated in the previous chapter and 

includes the needed structure to allow this type of demand to flow in the model until it gets its 

destination. This demand is consider as the probability of the flow in each moment in each 

service. 

The  mobile  sensors  work  as  probes  which  record  all  their  movements  and  the  waiting,  walking  

and on-board times in order to get an overall idea of what is happening in the model in each 

moment.  

In order to inform the services about the path to perform by each array of demand, a path profile 

class is also loaded into the model. This path is unique for each pair and, to allow probabilistic 

demand and probes to get in into others Edge ID with the same origin and destination stop or 

with an overlapped path (Equivalent Edge ID). 

The connection between the demand and supply is granted by two co-ordination agents: the 

services and the Brain. 

Services grant the operation and try to serve the demand requirements. Their operation is based 

on the real timetables established by the bus operator and the spatial network (the sections) 
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retrieves the real time conditions. Each Edge ID transfers the probabilistic demand and the probes 

which were generated into the running services, when reaching their bus stop. 

The  Brain  is  created  in  the  model  with  two  main  purposes:  to  measure  the  potential  of  co-

ordination between each pair of services in a certain period and to monitor the pairs that seems 

possible and attractive to co-ordinate. 

V.4 Supply objects and agents 

V.4.1 Section agent 

The Section agent is an exception to typical deliberative agent due to its double nature: as a 

component of the environment and a decision maker.   

The Section agent intends to inform the Service agent which are the conditions of travelling in 

each segment of road, refreshing that information every time that a new service performs each 

Edge ID. The main goal of this object is to generate travel times and construct a prediction model 

based on live virtual regressions. The regression intends to estimate a travel speed on each Edge 

ID of the network based on the recent historical values of registered speeds. This regression also 

updates these speeds along the day and learns from the speeds of the bus modelled with a 

certain probability of incident. 

 
Figure V.4 Section 

This procedure and the way this agent was built were developed by David Alves and a more 

detailed explanation can be found in his MSc thesis report.  

The main features of this agent are presented in Appendix 4, including all the variables required 

for the prediction model and the recent historical values of registered speeds. 

This agent represents the main seed of information of the entire simulation model, impacting all 

the decisions of the other agents and setting the conditions of the environment. This agent can be 

considered, at the same time, as the generator of the conditions of the system (environment 

decision maker) and as a predictor of the future states. 

Section
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V.4.2 Common section 

Common section object represent the sections where exists overlap between sections and merge 

information to compute travel times for those sections. This class is responsible for the 

integration of speed information among the different sections of the study area and to inform 

each section which is the travel speed in that segment of road. It aggregates the information 

about every bus that traverses the segment form different sections, computes a speed for that 

segment every 10 minutes and gives the information to the network to avoid services surpassing 

others on the same segment of road. 

 
Figure V.5 Common section 

A common section is presented by the orange road segment on Figure V.5 and its features are 

described on Appendix 5. 

V.4.3 Route 

The Route includes all the information required to create the services for each bus and tram line. 

This object sends information to the services about the next stops and the departure time 

foreseen for that day of the week. The route features are detailed in Appendix 6. 

 
Figure V.6 Route 

V.4.4 Group 

The object Group represents the agglomeration of stops distanced less than 30 m aggregated by a 

hierarchical clustering. Group centroids were considered as a spatial unit for aggregation of 

speeds between stops and its features are detailed in Appendix 8. 

 

Common Section

Route
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V.4.5 Edge ID 

Each set with the same bus line, way and stop would be names as an Edge ID and, in the case of 

Lisbon there are 4805 different Edge IDs. The Edge ID objects assemble all the information of the 

public transport infrastructure and services of the study area. Each active object represents a 

section of the real infrastructure for each route. Its features are detailed in Appendix 9. 

V.4.6 Zone 

These 40 Zone active objects were designed to aggregate historical speed records for each section 

depending on the geographical location and used during the travel time prediction model (more 

information in Appendix 10).  

V.4.7 Zone 281 

As  a  way  of  being  more  precise  on  the  demand  destinations  these  118  active  objects  were  

created. These zones are based on a zoning procedure developed for the mobility plan for LMA 

which a division by 281 zones were made, 118 of them inside Lisbon city. More information about 

this zoning is explained in the previous chapter and its feature is described in Appendix 11. 

V.4.8 Other object classes of supply 

There are other build-up JAVA classes that were created as data flow in the model. These entities 

have specific attributes of their own, which are not described in this section. Yet, the role of each 

JAVA class in the overall simulation is presented in Table V.1. 

Table V.1 Features specification of other object classes 

Feature Type Description 

Bus arrivals Class Retrieves the data for each Service operation 
Next Buses Class Timetable of the observed passages a bus in each Edge ID 
Record travel time Class Retrieves the records of travel times for each Edge ID 
Vehicle Class Entity that represents each bus running in the model 

Data percentile Class Creates a structure to assess data from the speed percentiles of 
each Section 

Regression history Class Records data generated from the regression model for each Section 

Timetable Class Collects and retrieves information on the departure times of the 
Services of each Route 

Stop Class Describe the real bus stops’ location. Features of this object are 
described on Appendix 7. 
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V.5 Demand objects 

V.5.1 Demand 

The boarding rates estimated in the last chapter are loaded in the model at the first place. 

Afterwards, the Fill  Boarding Rates Period Event checks which is the day period at that time and 

informs the Generate Demand which boarding rate is the correct to inject on each Edge ID every 

minute. It is in this moment when Demand object is initialised and fulfilled each minute with a 

specific boarding rate.  

There is an additional procedure to avoid demand being created without a service that performed 

that Edge ID nearby. Each boarding rate is per minute of each period. This rate is only injected in 

demand 15 minutes before the first service of each Edge ID starts and finished this injection on 

the time of the last service goes by (meaning on useful operation time). A factor of scale has to be 

added to this rate: 

=  
(V.1) 

Each Edge ID and each Service has a different Demand object with the number of people per zone 

of  destination  that  is  in  that  object.  Each  Edge  ID  has  a  Path  Profile  that  has  the  path  to  every  

zone of the city area. This Path Profile communicates with the service to inform which stop the 

demand to each destination zone has to leave the service. 

Some Edge ID’s are equivalent, which means their origin and destination are the same but is 

performed  by  other  bus  line.  Each  time  a  service  arrives  at  a  new  Edge  ID  checks  if  there  are  

demand on other equivalent Edge IDs that can be loaded in that service. If yes, that demand is 

incorporated in the service demand object. 

Two additional checks are performed by the service every time it gets an Edge ID:  

 Is there anyone getting out for transfer here? 

 It is the last stop of the trip?  

If the first question has a positive answer, the correspondent demand leaves the service and 

enters a temporary demand with a timeout with the value of the walking time between the last 

Edge ID and the following. This demand is then injected in the next Edge ID. If the second 

question is yes then demand has arrived its destination and it is eliminated. 
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Figure V.7 Demand Flowchart 

V.5.2 Path Profiles 

In order to estimate the path of clients from each stop to the zone centroids, the model required 

a pre-computed path from origin to destination. Once again, Geomedia Transportation Manager 

is used. A new macro records the paths and also five other type of information:  

 The last Edge ID before that path leaves a service and make a transfer; 

 The first Edge ID of the next service performed; 

 The last Edge ID made when it gets to the destination zone; 

 The Edge IDs equivalents (where the origin stop and the destination stop are the same); 

 The walk time between each transfer performed. 

The first, the second and the third information was simple to obtain directly from the software. 

Nevertheless, the transport network allows the use of subway arcs and the model network does 

not encompass that type of arcs. In those cases, two situations could happen: 

 The subway leg is in the middle of the path and that part of the way will be considered in 

the  model  as  a  walk  time  between  the  last  bus  Edge  ID  and  the  next  bus  Edge  ID  and  
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includes the walk time, the average waiting time of the transfers between bus and 

subway and between subway and bus and also the average travelling time of the portion 

of the way on subway. 

 The path ends on a subway Edge ID and the path ends virtually at the last bus Edge ID but 

an additional time is added (the waiting and walking time between the bus stop and the 

subway pier and also the additional on-board time on subway. 

The shortest path algorithm used only finds the most suitable path from an Edge ID to a specific 

zone. But some links have more than one good alternative and an additional procedure is needed 

to consider this possibility: find the list of Edge IDs which are physically equivalent. A list of every 

set with the same origin and destination stop will be readily available to use in the model and the 

first service for anyone of the bus lines possible to get to the next Edge ID can be used by demand 

as it occurs on the real life. 

At  last,  every  transfer  has  an implicated walking time between the Edge IDs.  In  some cases  the 

walking time is null because the transfer occurs in the same bus stop. This object is composed by 

these paths from each Edge ID and the destination zone. 

V.5.3 Probe 

This active object was created in order to evaluate the performance of the system. Each probe is 

created by a uniform generation procedure at the same time the probabilistic demand is being 

created on each stop with a certain destination zone. It records the generation time, the waiting 

time, the walking time and the on-board time. This object has the potential to record any variable 

that could be useful to evaluate the performance of the network in different perspectives, 

detailed in space and time. Different probes were generated based on the total demand per day. 

Probe’s features are presented in Table V.2.  

Table V.2 Features specification of Probe 

Feature Type Description 

Probe ID Variable Number identification of each Probe 

Origin Edge ID Variable Edge ID where the probe is created 

Destination Zone Variable Zone where the probe intends to go 

Generation Time Variable Time of generation 

Probe Duration Variable Trip duration made by Probe until the destination zone 
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Feature Type Description 

Transfer Variable Transfer number where the Probe is every instant 

Last Boarding Edge ID Variable Last Edge ID where Probe entered a Service 

Service Variable Service where Probe is in 

Edge ID Variable Edge ID where Probe is traversing  

Sum of Waiting Times Variable Sum of waiting times 

Sum of Walking Times Variable Sum of walking times 

Sum of On-board Times Variable Sum of on-board times 

Waiting Times Collection Collection of each parcel of waiting time done by Probe 

Walking Times Collection Collection of each parcel of walking time done by Probe 

On-board Times Collection Collection of each parcel of on-board time done by Probe 

Path to be performed Collection Path from Probe origin Edge ID until his destination zone 

Probes follow exactly the same flowchart of Demand but don’t take space on bus, which means 

that the capacity is not considered on the time evaluators. 

V.5.4 Other object classes of demand 

There are some additional objects that are needed to help demand achieve their destination. 

They are listed above in Table V.3. 

Table V.3 Additional object classes of demand 

Feature Type Description 

Boarding Rates Class Array of doubles with the value of the boarding rate per period and 
per destination zone of each Edge ID 

Equivalent Edge IDs Class Array List of all the Edge IDs that are equivalent in a certain Edge ID 
pair 

Path Profile Class 

Creates a structure for the probes and services assess the path to 
performed between an origin Edge ID and a destination zone and 
with information about the Edge IDs of transfers, the walking time 
between transfers and the final road 

V.6 Main object 

The Main active object is used as the root of the simulation model merging the agents, the active 

objects and input data (i.e. speed percentiles of each section), creating the environment for 

communication between them. This object includes the graphical representation of the model. Its 

features are presented in Appendix 12. 
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V.7 Co-Ordination agents 

V.7.1 Service agent 

The service agent is a simulation of a bus operation process and includes a discrete event 

modelling of the buses advancing in the network. The features specification of each variable 

presented in the service is in Appendix 13. Each service has a capacity of 85 passengers, based on 

the average capacity of a Carris vehicle fleet. The service allows people to board it considering a 

ratio between people to board bus on each Edge ID and the present available seats, which means 

that people to each zone of destination boards the service with a certain ratio. 

The service contains a discrete event flowchart with one decision to perform during the 

simulation:  the  departure  time  of  each  Service  from  the  first  Stop  of  the  Route.  The  flowchart  

presents a boarding and exit point and five main states as it is visible in Figure V.8.  

First, there is the Generation of the Service, where the main attributes of the Service are set (like 

the Route of the Service and the predicted time of passage for each Edge ID given by each Edge 

ID)  and  the  decision  to  departure  is  taken  if  all  the  conditions  are  satisfied  (if  the  decision  is  

positive the next state is Locate, if negative is the Wait state); in the Wait state, the Service waits 

until it can depart; in the Locate state the service began to load the demand at the first stop and 

initiates the operation of the Route; the Travelling state is where the Service remains until it 

arrives at the following stop; finally is in the Stop state where people gets out and gets in of that 

Service in order to end their trip or to make some transfer to another Service and an inspection is 

made to determine if the stop arrived is the last one (eliminating the service in that case). 

 
Figure V.8 Service Agent Flowchart 
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This agent presents several interactions with other objects and agents of the simulation, 

especially with the objects responsible for generating and predicting travel times at each Edge ID. 

V.7.2 Brain agent 

The  Brain  is  created  in  the  model  with  two  main  purposes:  to  measure  the  potential  of  co-

ordination between each pair of services in a certain period and to monitor the pairs that seems 

possible and attractive to co-ordinate. 

This agent intends to promote the real time co-ordination which is the main goal for this thesis. 

There  are  two  main  parts  of  the  brain:  a  first  one  that  intends  to  measure  the  potential  of  co-

ordination between each pair of services every 15 minutes and a second which has to track the 

co-ordinations that worth the effort (where the Objective Function is negative). 

The first action is supported by a procedure behind the co-ordination operations which is 

explained on Figure V.10. The main idea of this procedure is to estimate the gains and losses for 

each spatial and temporal possible co-ordination, sort it and filtering the pairs which objective 

function are positive and the pairs which have one Edge ID repeated in another pair with a lower 

objective function. More details on the objective function and the co-ordination operations are 

detailed in section V.8. All the features needed to evaluate the potential of co-ordination are 

included in Tranfer OD, an entity that records the data descripted on Appendix 14. 

The monitoring action starts to give an instruction to the pair of services to co-ordinate that they 

are going to be co-ordinate, which is the service they are supposed to co-ordinate with, the stop 

of the co-ordination, the estimated objective time of the co-ordination and the acceleration or 

deceleration rate that they are supposed to apply on the following Edge ID’s traversed. 

Then, each Edge ID performed for each service sends information of the state of the service and 

the sections also updated their travelling times. This could result in a change of the conditions of 

the co-ordination and so, a new acceleration/deceleration rate has to be estimated and also the 

change of the objective time (for example the service A which has normally to decelerate because 

is getting earlier on the co-ordination stop could be delayed in excess and now need to accelerate 

instead of decelerate). When the main condition of the co-ordination, ( ) < (1 + ) , 

(vide section V.8 to understand this condition) is not fulfilled an alert on brain is activated and 

when this alert is verified three times on a co-ordination on  the same service it means that those 

services are not getting co-ordinate because probably something happen in some section and one 
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of  the  services  is  slowing  down.  In  this  case  and  abort  is  activated  and  the  co-ordination  is  

cancelled and the next pair of services to co-ordinate are tracked. Figure V.9 presents the Brain 

monitoring flowchart. 

 
Figure V.9 Brain Monitoring Flowchart 

V.8 Co-Ordination operations 

Upon the base regular Carris operation model, a real time co-ordination heuristic was developed. 

This model has the same basis of the previous but with an additional co-ordination agent (Brain), 

two events (one evaluating the time compatibility transfer and the other estimating the objective 

function) and a function that aids the brain to control the orders when is monitoring the speed of 

a certain pair of services and estimating, in real time, adjusting the objective time of that service 

co-ordination. 

A detailed representation of the co-ordination operations framework is presented in Figure V.10. 

The operations are mainly four: a time compatibility evaluator, simulation inputs for objective 

function, the objective function estimation and its sort and filter afterwards procedure. 
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V.8.1 Time compatibility evaluator 

In order to reduce the simulation burden, an initial set of potential spatial transfers was 

computed using GIS tools. The spatial potential transfers are loaded into the model with the 

information about the pair of Edge ID that would be the point of the co-ordination. This event will 

first found the possible list of services that traverse those Edge IDs in the next 15 minutes period. 

Afterwards it will predict the arrival time at those Edge IDs and verifies the following condition: 

(1 2 ) <  (V.2) 

where  is the Edge ID where the co-ordination is supposed to happen and the correspondent 

service is predicted to arrive later than the service arriving at Edge ID  (the other Edge ID of the 

same pair),  and  are the correspondent services predicted arrival times without co-ordination 

at Edge ID  and B and  is the percentage of acceleration that the service  (most delayed) can 

control. A sensibility analysis will be made to this parameter subsequently but to simplify the 

condition imposed here, a supposition has been made: the percentage of the maximum 

deceleration of a service is twice the percentage of the acceleration.  

If this condition has been guaranteed, the pair of services is sent to the next co-ordination 

operation, also with the predicted objective time of the co-ordination and the correspondent 

services pointers and their expected arrival times without co-ordination. If the condition (V.3 is 

not fulfilled the next pair of Edge IDs is evaluated. 

V.8.2 Simulation inputs for objective function 

After ensuring that services could be coordinated in a certain time window, the projection of both 

services has to be conducted in order to allow the objective function estimation. 

In  Figure  V.10  this  projection  is  represented  in  the  middle.  Both  services  have  a  few  stops  

between their position at the present and their co-ordination stops (represented by  and , 

respectively) named below in Figure V.10 by , … … ,  and , … … , . This procedure 

will preview in advanced the demand entering and exiting each stop along with demand that 

prosecute the transfer between stop  and stop . The prediction algorithm from David Alves 

work, which predicts the travel speed for each section, allows estimating the time until each one 

of the services is expected to arrive at the following stops.  
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Figure V.10 Co-Ordination Operations Flowchart 
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The objective time turns possible to recalculate the travel speed of both services for each service 

in the case of pursuing a co-ordination. The difference between the predicted time considering 

co-ordination,  , and the predicted time without co-ordination,  , for each stop is important 

to the objective function explained on the next sub-chapter. 

At the same time, during the projection of the services, it is necessary to count the demand that is 

waiting on each stop to enter those services and the demand on the service that is exiting on that 

stop (and so will not be counted on the next stops in the objective function). There is also need 

the information about the boarding rates from each stop to every zone ( ) to preview the 

gains (or losses) in time of people that arrive at the station between the time with and without 

co-ordination. 

The main gains of a co-ordination are the ones related to the reduction of the waiting times for 

the next service when making a transfer. This demand is record aside from the other demand.  

V.8.3 Objective function estimation 

The objective function is estimating the gains and losses of both services from previous events. 

Quantifying this value it is possible to identify the co-ordinations that are favourable. Its value 

means the total time passengers are going to save (in on-board time units) with a co-ordination 

and is quantified as [passengers] · [on-board minutes]. As much negative the objective function is, 

more beneficial is the co-ordination for the system total ridership. 

The  function  is  divided  in  two  types  of  gains/losses:  from  people  that  is  going  to  do  the  co-

ordination transfer ( ) and from the other passengers that are going to get their destinations 

earlier or later, depending if  the service has to speed up or down to meet the other ( ). Stop  

and stop  are  the co-ordination stops  of  Edge ID  and Edge ID , respectively. Equation (V.2 

presents how the objective function is built for analyse the potentiality of co-ordination. 

= ( + ) (1 ) ( + ) (V.3) 

There are two parameters that modify the weights of each parcel of the objective function: 

  - Measures the weight of people making transfer compared to the ones that are 

affected with extra on-board time. This parameter is a percentage and is tested to find 

the suitable value of comparison between the parcels. 
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  - This parameter represents the trade-off between the waiting time and transfer 

penalty into on-board time units (vide sub-chapter II.9. for more information about these 

penalties).  

The first parameter is not available in the literature a given value and a sensibility analysis were 

developed on the Model Evaluation Chapter. The second parameter value was estimated through 

a discrete choice model calibrated for the LMA (Santos et al. 2011). 

To quantify the gains/losses from people doing the co-ordination transfer, five variables are 

needed at each stop : the predicted arriving time without co-ordinating ( ) and co-ordinating 

( ) the services, the total demand waiting to board on that service and alighting from the service 

to that stop, and the sum of the boarding rates to predict the demand being generated between 

the predicted arrival time with and without co-ordination. Equation (V.4 shows how these 

variables are related. 

= +  (V.4) 

The parcel of gains from the people that do a transfer in one of the co-ordination stops needs also 

four variables: the predicted arrival time with co-ordination at the co-ordination stop ( ), the 

predicted  time  of  the  next  service  traversing  that  same  stop  ( ), the demand that will 

transfer in each stop and boarding rates of the stops between the present stop  and stop  

that have to make the transfer to get their destination. This last variable is multiplied by a binary 

variable that informs the objective function if that path traverses that transfer. Equation (V.5 

represents the parcel of the gains from the co-ordination concerning the demand that execute 

the transfer. 

= +  (V.5) 

V.8.4 Sort and filter procedure 

Having assessed all potential pairs of Edge IDs, they were sorted ascending. This way it is possible 

give priority to the co-ordinations that more benefits the system. 
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Yet, there are some conditions, which these final pairs have to follow, to have positive effects 

from the co-ordination method: 

 The pair of stops has to be different for each time interval of co-ordination (15 minutes); 

 The pair of services should not be co-ordinate twice, even if it is on different stops; 

 The walking time between transfers has to be less than 1 minute; 

 A co-ordination that has already began to co-ordinate take priority from the others. 

Every time one of these conditions is not fulfilled, the pair with a higher objective function has to 

be removed from the list for co-ordinate.  

Triple co-ordination between services was not considered in this method (reason of the first 

condition) because it would turn the co-ordination operations a computational burden in the 

model and the expected gains from it would be small. Although this assumption, it would be 

interesting to study the impacts on the transport network performance if a co-ordination model 

was implemented in a network that favours the transfer points in the timetable and allows a hub 

and spoke operation. 

After  sending  the  pairs  of  services  to  co-ordinate  to  the  Brain,  this  agent  will  monitor  the  co-

ordination until it happened (or not happened if the brain decides to abort the co-ordination). 

This monitoring procedure is explained in after the description of the Brain agent in sub-chapter 

0.  

V.9 Conclusions 

This chapter have a detailed explanation of the objects that constitute the model and the main 

relations between them. With this formulation will be possible to analyse the performance of the 

model and test a co-ordination method upon the regular day operation. 
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VI  Model evaluation 

VI.1 Introduction 

After the development of the model, an evaluation of the outputs from the different scenarios is 

needed. First, an evaluation of performance of the regular operation day justifies the adequacy of 

the model to portrait what may happen in the real scenario. It is also presented some additional 

outputs considered to be an added value of the model to characterise the system. 

Then, the performance of the method of co-ordination proposed is assessed, defining some 

indicators and test them. Also a sensibility analysis of the  parameter has been made. Finally, it 

was developed an indicator to evaluate the increase of attractiveness of this mode compared to 

the others if a co-ordination method was implemented. 

VI.2 Regular day evaluation 

VI.2.1  Number of passengers and number of boardings 

In terms of number of the passengers generated in the model (total demand per day) a run of the 

entire week was carried out. The results per weekday are presented in Table VI.1, where the real 

number of passengers was obtained from the ticketing raw files. The values have a small 

difference between them which are explained by the fact the path between each stop and each 

zone of destination is the same for all the periods of the day and some services are not operating 

during the whole day. 

The difference between the boardings and alightings is the people which are on the system at 

midnight (because the services of Carris end later). Regarding the number of passengers, from the 

log file it was identified about 203 thousand different transport tickets per day which means the 

average of the times each ticket is validated is 2.11. Furthermore, analysing the number of trips 

created by the simulation model, it can be seen that each transport ticket is, in average, used 1.23 

times per transport ticket. This value shows that a considerable percentage of people do not have 

a return trip by the same mode. 
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Table VI.1 Validations and trips modelled and observed 

Day Boardings Alightings Error (%) Trips 

Monday 391,364 389,578 0.46% 247,252 
Tuesday 403,768 402,147 0.40% 248,996 
Wednesday 407,561 405,940 0.40% 250,688 
Thursday 411,028 409,407 0.39% 252,379 
Friday 413,618 411,997 0.39% 254,072 

Average model week day 405,468 403,814 0.44% 250,677 
Average real week day 429,177 - - - 

Deviation (%) 5.5% - - - 

VI.2.2  Probes distribution analysis 

The regular day model will be mainly evaluated by the model probes. These probes have been 

generated as a fixed percentage of a uniform distribution probability multiplied by the boarding 

rate on each Edge ID. This percentage scales the number of Probes objects, which increase the 

computational burden being limited to: 50% of the total demand. This sample of dynamic sensors 

guarantees a consistent evaluation of what is happening in the model. On the other hand, the 

increase of the number of objects is bounded by the resources available (a computer with a i5-

2300 CPU@2.8GHz and 6 GB of RAM). 

Table VI.2 Probes distributions (in minutes) 

 Percentile Waiting 
Time 

Walking 
Time 

On-board 
Time 

Trip 
Duration 

Number of 
Probes 

Total 
25 3.95 0.00 3.20 9.41 

112,789 
(100.0%) 50 7.93 0.00 9.17 21.14 

75 12.81 1.29 18.26 36.10 

No 
Transfers 

25 1.93 0.00 0.18 4.17 
49,832 
(44.2%) 50 4.32 0.00 2.86 8.48 

75 7.45 0.00 7.86 14.40 

1 
Transfer 

25 6.95 0.00 8.13 22.16 
53,702 
(47.6%) 50 10.76 0.50 13.79 30.94 

75 15.10 7.17 21.84 43.63 

2 
Transfers 

25 12.04 0.00 14.93 36.14 
8,917 
(7.9%) 50 16.84 0.86 22.43 45.77 

75 22.33 6.05 31.06 57.58 

3 
Transfers 

25 17.40 0.00 21.87 48.88 
337 

(0.3%) 50 24.37 0.00 29.79 58.99 
75 30.86 2.12 40.68 67.92 
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Table VI.2 presents the distribution of the probes by number of transfer and split into waiting 

times, walking times and on-board times. 

According to the model, 44.2% of people are not doing any transfers shows that Carris network 

serves directly many origin-destination pairs. Walking times are small (1.29 minutes) in the 

percentile 75. This is explained by their network features: proximity and capillarity. 

The number of transfers is a main element on board time variance in the probe distribution. 

Probes that make no transfers have time difference between percentile 25 and 75 of 7.68 minutes 

and  with  one,  two  and  three  transfers  the  values  are  13.71,  16.13  and  18.81  minutes,  

respectively. Carris network is not very suitable for the people making transfers and these values 

shows that trend. 

Around 40% of the probes duration is waiting time which focuses the need of reduce this parcel. 

The value of waiting time is higher than the value of the on-board time which enforces the 

importance of this parcel. 

VI.2.3 Bus load profiles 

One of the collateral outputs of this model is the real time load profiles of each service in a bus 

ticketing control system on the entrance. The load profiles obtained are suitable compared to the 

real boardings.  

 
Figure VI.1 Load profile and boardings relation for the bus line 746 on 12th of April 2010 

In  Figure  VI.1  it  is  represented  a  service  load  profile  from  the  regular  operation  day  model  

compared with the real data of entries from the ticketing log file of the same service. From the 
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five main stops of entrance the first two are main residential areas. The next two have subway 

stations that feed this bus line and the last one is already inside city centre and takes people to 

Marquês de Pombal Square (Lisbon CBD). 

The load profiles are information that could be used in the future for optimising the bus fleet and 

for a more adjusted of the supply to the real demand requirements. 

VI.2.4 Stop time waiting analysis 

Another useful output taken from this model for future developments is the data from the 

waiting time distribution on each Edge ID. This data potentiates a future study on queuing lines on 

stops. 

As an example, the stop of Rato is pictured in Figure VI.2 with the number of passengers waiting 

at each station per unit of time. The abrupt falls on the picture are explained by a service that 

arrived at  the stop and the queue reduces.  At  this  time interval  (from 7:35 to  9:50)  this  stop is  

congested (what happens in reality is that people enters the bus even though the maximum 

capacity is achieved. The red line focuses the importance of this station in terms of a stop for 

users which performs a transfer. From this information it is possible to analyse more descriptively 

the queuing in terms of the average passenger queuing time, integrating the area below the 

figure and divided by the interval time. 

 
Figure VI.2 Passengers waiting at Rato stop on 12th of April 2010 
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VI.3 Co-ordination method evaluation 

VI.3.1 Probes distribution analysis 

The introduction of the coordination method produced the following performance indicators 

presented in Table VI.3. The results suggest a reduction of 11% is the median result in the trip 

duration when compared with the base scenario. These have impacts on the induced demand 

estimation. With a  of 0.2 the algorithm considers the gains from the services acceleration and 

that is the reason why the gains from on-board times are higher. 

Table VI.3 Probes distributions using the co-ordination method (in minutes and with  =0.2) 

 Percentile Waiting 
Time 

Walking 
Time 

On-board 
Time 

Trip 
Duration 

Number of 
Probes 

Total 
25 3.61 (-9%) 0.00 2.74 (-14%) 8.43 (-10%) 

52,680 
(100.0%) 50 7.41 (-7%) 0.00 8.31 (-9%) 18.77 (-11%) 

75 12.18 (-5%) 0.47 (-64%) 16.61 (-9%) 32.59 (-10%) 

No 
Transfers 

25 1.88 (-2%) - 0.18 (-2%) 4.12 (-1%) 
25,597 
(48.6%) 50 4.22 (-2%) - 2.86 (0%) 8.39 (-1%) 

75 7.36 (-1%) - 7.74 (-1%) 14.29 (-1%) 

1 
Transfer 

25 6.78 (-2%) 0.00 7.87 (-3%) 21.10 (-5%) 
23,622 
(44.8%) 50 10.54 (-2%) 0.25 (-51%) 13.15 (-5%) 29.31 (-5%) 

75 14.94 (-1%) 6.32 (-12%) 20.34 (-7%) 40.76 (-7%) 

2 
Transfers 

25 11.75 (-2%) 0.00 14.39 (-4%) 34.55 (-4%) 
3,461 
(6.6%) 50 16.37 (-3%) 0.66 (-24%) 21.69 (-3%) 44.91 (-2%) 

75 21.81 (-2%) 5.39 (-11%) 30.25 (-3%) 56.09 (-3%) 

3 
Transfers 

25 17.46 (0%) 0.00 23.60 (8%) 52.41 (7%) 
138 

(0.3%) 50 23.68 (-3%) 0.38 (0%) 36.66 (23%) 61.05 (3%) 
75 29.42 (-5%) 1.80 (-15%) 45.90 (13%) 69.30 (2%) 

Most of the percentiles have gains on the waiting times and on the on-board times. This is 

explained by the effects of the co-ordination on the system. The effects would be always 

beneficial because the Brain only proceeds to a co-ordination when the objective function is 

negative. 

The gains in waiting times, in absolute terms, are higher in the higher percentiles (total waiting 

time of percentile 75 has a decrease of 0.64 minutes and percentile 25 ha only 0.36 minutes). 

Percentile 75 of the people performing three transfers has gains of around 1.55 minutes and this 

value is not evenly distributed for each one of the transfers which means the perception impact 
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for the users could be high in the coordinated transfer. Nevertheless, these gains are reflected as 

a  penalty  on  the  on-board  time.  So,  for  persons  that  make  three  transfers  the  gains  are  not  

obvious.  These  cases  are  a  small  percentage  of  Carris  clients  and  for  the  size  of  Lisbon,  three  

transfers are punctual cases. 

VI.3.2 Co-ordination potential analysis 

From the initial spatial possibilities, 34.14% are temporal compatible and from those just 1.29% 

has a negative objective function (meaning profitable to co-ordinate). This shows that the 

network, although its capillarity and the good results of the successful co-ordinations, is not 

prepared to have users making transfers. 

In terms of the co-ordination efficiency, prediction and observed times were record.  

Table VI.4 Time deviation from the predicted 

Table VI.5 Time Variation of the second arrival bus 

Percentile 
Time deviation between 
predicted time and the first 
bus arrival observed (min) 

25 0.87 

50 4.26 

75 9.47 

90 12.11 
 

Percentile 
Time deviation between the 
first bus arrival and the next 
bus arrival observed (min) 

25 0.00 

50 0.00 

75 1.30 

90 2.76 
 

The percentiles of the distribution of the times are presented in Table VI.4 and Table VI.5. The 

values of the first table show a median value of 4.26 minutes. This is a reasonable value and the 

high value of the percentile 90 is due to some incidents occurred in the network. This incidents 

are justified by the fact the bus mode has its operation in a non-dedicated network. 

Time between observed arrivals is short. This means that the value of the delay caused by the co-

ordination method is reduced, not incurring additional delays for people on-board the first arrived 

service. Sensibility analysis of demand transfer and successful co-ordinations with . 

VI.3.3 Transfer penalty factor ( ) 

The parameter  measure the weight of people affected with extra on-board time compared to 

the ones making transfer. This parameter can range from 0 (only demand from transfer is 

considered) and 0.5 (demand of both types have the same weight). 
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A  test  model  only  for  10  zones  of  Lisbon  was  built  to  analyse  the  sensibility  of  the  demand  

transferred, when the parameter  ranges from 0 to 0.5. Some tests were made with different 

values of  and Figure VI.3 represents the sum of the transferred demand and the number of 

successful co-ordinations per day. It is clear that a maximum of transferred demand is happening 

when value of  is 0.2. The expected maximum of demand transferred was when the value of  

was null (the system is giving priority on the co-ordinations where the demand transferred is 

high). This is not happening because these co-ordinations are happening at the places where 

there  are  no  alternatives  Edge  IDs  and  so  there  are  no  other  Edge  IDs  injecting  demand  to  the  

network. 

 
Figure VI.3  Total people transferred and successful co-ordination range with    

It is this value, 0.2, that is going to be used in the model for the whole city. 

VI.3.4 Inducted demand estimation 

One of the research questions this dissertation intends to answer is the impact of the 

implementation of a co-ordination method in a medium sized city. With the probes distribution 

information is possible to estimate a percentage of gains for each parcel of the trip (waiting, 

walking and on-board times). 

The increase of attractiveness is obtained based on a discrete choice model with a Multinomial 

Logit formulation calibrated with a survey of declared and revealed preferences. This model was 

developed in an extent of the SCUSSE project to evaluate the impact of new modal alternatives 

for the city of Lisbon, obtaining the probability function of choosing each mode. 
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After running the discrete choice model, an increase in the probability to choose this mode 

increased in of 3.4%. This new value has an implication on the choice of the other users. 11,636 

new passengers are estimated to change to bus mode with the introduction of a bus coordination 

module.  
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VII   Conclusions and future developments 

 

VII.1  Conclusions 

The results had demonstrated the main goal and answered the three research questions 

numbered on the first place. A method of co-ordination has been modelled upon a regular 

operation bus operation for the city of Lisbon and the final computational time is viable if this 

system was implemented in a real city (around 6 hours per day of operation with a computer with 

a i5-2300 CPU@2.8GHz and 6 GB of RAM). 

The results show that the distribution of the trip duration has decreased around 10% of the trip 

duration which means an increase of the attractiveness of the bus mode relatively to the others of 

3.4% and an induced demand of 11,636 passengers (more 5.7% of the total). 

The evaluation of the performance of the regular bus operation day model shows a good 

adjustment compared to the data from the initial files of ticketing and bus location. 

It is possible and viable to implement a system which reduces the waiting times and promotes the 

“seamless journey”, encouraging the co-ordination between the services. Literature shows that if 

the network was prepared to increase the potential of acceleration of the services with measures 

like TSP and IBL, additional gains on time could be achieved. 

From the initial spatial possibilities, 34.14% is temporal compatible and from those just 1.29% has 

a negative objective function (meaning profitable to co-ordinate). This shows that the network, 

regarding its capillarity and the good results of the successful co-ordinations, is not prepared to 

have users with multiple transfers. The problem identified is at the tactical level of action: 

unsuitable design of the network. It is proposed for a future development the approach of this 

problem. 

This  research  has  been  a  very  challenging  work  to  develop  and  it  should  be  faced  as  a  primary  

work on developing an adequate method of co-ordination in a medium-sized city.  
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VII.2 Future developments 

Along this work some problems which have not a simple answer were solved in order to test the 

main focus of this dissertation. There are also some outputs and conclusions that legitimate the 

need of develop more deeply some specific branches of investigation. 

The first acknowledgement is about the discretisation of the boarding rates. In Chapter V, a 

procedure was developed to turn the boarding rates at each stop to a transfer flow matrix. This 

procedure used the accessibility time of Geomedia Transportation Package that does not consider 

the paths possibilities according to an utility function and does not change the service availability 

along the day. This is not a problem in the peak periods because there are almost all the bus lines 

operating but on the period of the night that is not true. A procedure of multi-path with temporal 

windows could be the way of solving this problem.  

This simplification should be evaluated more extensively. The paths chosen are not integrated in 

an hyperpath algorithm that allows estimate the utility of multiple options simultaneously. This 

lack of network integration and the limitation of the unique optimal path chosen (shortest 

hyperpath problem) are two fields where additional research could be pursued. There is already 

literature on how to solve this problem (Nielsen et al. 2005). 

Other acknowledgement is made on the main procedure chosen to be the base of the input 

treatment. Ticketing data records only the users’ boardings. If other modes are added to the 

system like the subway, the procedure could suffer changes because it has a control on the exit 

also.  A  system  with  control  on  the  entrances  and  exits  will  origin  a  better  estimation  for  the  

transfer flow matrix (Desautels 2006). 

Outputs from the model as the load profiles of the vehicles and queuing lines of each stop are a 

big opportunity to develop additional studies to optimise the fleet and the network design to 

maximise the profit or the quality of the services provided. 

The impacts of the co-ordination method could increase if complement measures were 

implemented like TSP and IBL and evaluate the best network design configuration to promote co-

ordination in the network. The timetabling, that is not the focus in this dissertation, could be 

optimised preparing the network for natural co-ordinations if the operation runs normally. All of 

these subjects could be developed in order to promote co-ordination, even if it were statically like 

the network design measure. 



A Bus Real Time Co-ordination Model: An application to the City of Lisbon 

References 

 

 
67 

 

VIII  References 

 

AGRAWAL,  J.  &  MATHEW,  T.  V.  2004.  Transit  route  network  design  using  parallel  genetic  
algorithm. Journal of Computing in Civil Engineering, 18, 248-256. 
ALGERS, S.,  HANSEN, S. & TEGNÉR, G. 1975. Role of Waiting Time, Comfort, and Convenience in 
Modal Choice for Work Trip. Transportation Research Record 534, TRB, National Research Council. 
Washington D.C. 
ALVES, D. 2011. Real-time Trip-Planner in Urban Public Transport: Specifications and Preliminary 
Tests for Lisbon. Master of Engineering, Instituto Superior Técnico. 
AMANDA, S. & STEPHANE, H. 2011. Referencing, Gains-Losses Asymmetry And Non-Linear 
Sensitivities In Commuter Decisions: One Size Does Not Fit All! : CREI Università degli Studi Roma 
Tre. 
BANISTER, D. 2008. The sustainable mobility paradigm. Transport Policy, 15, 73-80. 
BARROS, J. X. 2004. Urban Growth in Latin American Cities - Exploring urban dynamics through 
agent-based simulation. Doctor of Philosophy, University College London. 
BLYTHE, P., RACKLIFF, T., HOLLAND, R. & MAGEEAN, J. 2000. The potential for its in improving and 
integrating services at urban transport interchanges for public transport. Tenth International 
Conference on Road Transport Information and Control, 192 - 199. 
CÂMARA  MUNICIPAL  DE  LISBOA  2005.  Lisboa:  O  desafio  da  mobilidade.  Câmara  Municipal  de  
Lisboa - Licenciamento Urbanístico e Planeamento Urbano. 
CARRIS. 2010. Indicadores de Actividade [Online]. Available: http://www.carris.pt/pt/governo-
societario/ [Accessed August 25 2011]. 
CERVERO,  R.,  MURAKAMI,  J.  & MILLER,  M.  2010.  Direct  Ridership  Model  of  Bus  Rapid Transit  in  
Los Angeles County, California. Transportation Research Record, 1-7. 
CHAKROBORTY, P. 2003. Genetic algorithms for optimal urban transit network design. Computer-
Aided Civil and Infrastructure Engineering, 18, 184-200. 
CHOWDHURY, M. S. & CHIEN, S. I. J. 2001. Dynamic vehicle dispatching at the intermodal transfer 
station. Transit Planning, Intermodal Facilities, and Marketing, 61-68. 
CHOWDHURY, S. M. & CHIEN, S. I. J. 2002. Intermodal transit system coordination. Transportation 
Planning and Technology, 25, 257-287. 
COMMISSION, E. 2010. Directive 2010/40/EU. 
CTPS,  C.  T.  P.  S.  1997.  Transfer  Penalties  in  Urban  Mode  Choice  Modeling.  Travel  Model  
Improvement Program. FTA and U.S. Department of Transportation. 
DE ABREU E SILVA, J., MARTINEZ, L. & GOULIAS, K. 2012. Using a multi equation model to unravel 
the influence of land use patterns on travel behavior of workers in Lisbon. Transportation Letters: 
The International Journal of Transportation Research, 4, 193-209. 
DE PALMA,  A.  & LINDSEY,  R.  2001.  Optimal  timetables  for  public  transportation.  Transportation 
Research Part B-Methodological, 35, 789-813. 
DESAUTELS, A. T. 2006. Improving the Transfer Experience at Intermodal Transit Stations Through 
Innovative Dispatch Strategies. Massachussets Institute of Technology. 
DIANA,  M.  2008.  Making  the  "primary  utility  of  travel"  concept  operational:  A  measurement  
model for the assessment of the intrinsic utility of reported trips. Transportation Research Part a-
Policy and Practice, 42, 455-474. 



A Bus Real Time Co-ordination Model: An application to the City of Lisbon 

References 

 

68 

EIRÓ, T. & MARTINEZ, L. M. Year. Evaluating the impact of new transport solutions: An application 
for the Lisbon Metropolitan Area. In:  Conference on Advanced Systems for Public Transport, 2012 
Santiago, Chile. 
EUROPEAN COMMISSION 2007. Green Paper: Towards a new culture for urban mobility. Brussels: 
European Commission. 
EUROPEAN  COMMISSION  2011.  White  Paper:  Roadmap  to  a  Single  European  Transport  Area  –  
Towards a competitive and resource efficient transport system. Brussels: European Commission. 
GUO,  Z.  &  WILSON,  N.  H.  M.  2004.  Assessment  of  the  transfer  penalty  for  transit  trips  -  
Geographic information system-based disaggregate modeling approach. Transit: Intermodal 
Transfer Facilities, Rail Transit, Commuter Rail, Light Rail, Ferry, and Major Activity Center 
Circulation Systems, 10-18. 
GUO, Z. & WILSON, N. H. M. 2007. Modeling effects of transit system transfers on travel behavior. 
Transportation Research Record, 11-20. 
HAN, A. F. 1987. Assessment of Transfer Penalty to Bus Riders in Taipei: A Disaggregate Demand 
Modeling Approach. Transportation Research Record, 1139, 8-14. 
HENSHER, D. A. & STANLEY, J. 2003. Performance-based quality contracts in bus service provision. 
Transportation Research Part A: Policy and Practice, 37, 519-538. 
HUNT, J. D. 1990. A Logit Model of Public Transport Route Choice. ITE Journal, 60, 26-30. 
INE. 2011. Census 2011 - Resultados Preliminares [Online]. Instituto Nacional de Estatística. 
Available: http://www.ine.pt/scripts/flex_v10/Main.html [Accessed September 3 2011]. 
LI,  C.  N.  &  LAI,  T.  Y.  2009.  Why  should  cities  change  from  DOT  to  TOD?  Proceedings of the 
Institution of Civil Engineers-Transport, 162, 71-78. 
LIN, K. 2002. Agent-based techniques for National Infrastructure Simulation. Msc. Thesis Master 
Dissertation, Massachusetts Institute of Technology. 
LIU, R., PENDYALA, R. & POLZIN, S. 1997. Assessment of Intermodal Transfer Penalties Using 
Stated Preference Data. Transportation Research Record, 1607, 74-80. 
MARTÍNEZ, L.,  VIEGAS, J.  & SILVA, E. 2009. A traffic analysis zone definition: a new methodology 
and algorithm. Transportation, 36, 581-599. 
MARTÍNEZ, L. M. 2010. Financing Public Transport Infrastructure Using the Value Capture Concept. 
Doctoral, IST- Technical University of Lisbon. 
MARTINEZ, L. M. G., EIRÓ, T., VIEGAS, J. M. & CRUZ, F. 2011. An optimisation procedure to design 
a Minibus feeder service: an application to the Cascais rail line. Instituto Superior Técnico. 
MBTA 2010. Ridership and Service Statistics. Boston. 
MCCORD,  M.  R.,  MISHALANI,  R.  G.  & HU,  X.  2011.  Bus  Stop Grouping for  Aggregation of  Route-
level Passenger Origin-Destination Flow Matrices. TRB 2012 Annual Meeting. Washington D.C. 
MILKOVITS, M. N. 2008. Simulating Service Reliability of a High Frequency Bus Route Using 
Automatically Collected Data. MSc, Massachusetts Institute of Technology. 
POORZAHEDY,  H.  &  ABULGHASEMI,  F.  2005.  Application  of  ant  system  to  network  design  
problem. Transportation, 32, 251-273. 
SANTOS,  G.  D.,  MARTÍNEZ,  L.  M.,  VIEGAS,  J.  M.  & ALVES,  D.  Year.  Design and deployment  of  an 
innovative mobility survey for the lisbon metropolitan area oriented to assess the market 
potential and obtain the best configuration of new alternative transport modes. In:  European 
Transport Conference, 2011 Glasgow. 
SHRIVASTAVA,  P.  & O'MAHONY,  M.  2006.  A  model  for  development  of  optimized feeder  routes  
and coordinated schedules - A genetic algorithms approach. Transport Policy, 13, 413-425. 
SIEMENS 2007. Megacity Challenges: A stakeholder perspective. Munich: Siemens AG. 
SMITH,  H.  R.,  HEMILY,  B.,  IVANOVIC,  M.  &  FLEMING,  G.  2005.  Transit  Signal  Priority  (TSP):  A  
Planning and Implementation Handbook. 
STEG, L. 2005. Car use: lust and must. Instrumental, symbolic and affective motives for car use. 
Transportation Research Part a-Policy and Practice, 39, 147-162. 



A Bus Real Time Co-ordination Model: An application to the City of Lisbon 

References 

 

 
69 

STERN,  D.  I.  2011.  The role  of  energy in  economic  growth.  Ecological Economics Reviews, 1219, 
26-51. 
TERZIS, G. & LAST, A. 2000. Guide - Urban Interchanges - A Good Practice Guide. MVA Limited. 
TRB 1997. Transit-Focused Development: A Synthesis of Research and Experience. In: PORTER, D. 
R. (ed.). Washington, D.C.: Transportation Research Board. 
VAN OORT, N., WILSON, N. H. M. & VAN NES, R. 2010. Reliability Improvement in Short Headway 
Transit Services Schedule- and Headway-Based Holding Strategies. Transportation Research 
Record, 67-76. 
VIEGAS,  J.  M.  1996.  Turn  of  the  century,  survival  of  the  compact  city,  revival  of  public  
transport.Bottlenecks. In: MEERSMAN, H. (ed.) Transportation and the Port Industry. Antwerp, 
Belgium. 
VIEGAS,  J.  M.  &  MARTINEZ,  L.  M.  Year.  Generating  the  universe  of  urban  trips  from  a  mobility  
survey sample with minimum recourse to behavioural assumptions. In:  12th World Conference on 
Transport Research, 2010 Lisbon. 
VUCHIC, V. R. 2005. UrbanTransit : operations, planning, and economics, Hoboken, N.J. ; Wiley. 
WARDMAN,  M.,  HINE,  J.  &  STRADLING,  S.  2001.  Interchange  and  Travel  Choice  Volume  1.  
Edimburgh, UK: Scottish Executive Central Research Unit. 
WONG, C. 2000. Improving the Network Performance of Urban Transit Systems. MST thesis, 
Massachusetts Institute of Technology. 
WOOLDRIDGE, M. 2002. Introduction to MultiAgent Systems, John Wiley & Sons. 
YU,  J.,  LIU,  Y.,  CHANG,  G.  L.,  MA,  W.  J.  &  YANG,  X.  G.  2011.  Locating  Urban  Transit  Hubs:  
Multicriteria Model and Case Study in China. Journal of Transportation Engineering-Asce, 137, 
944-952. 

 

 





A Bus Real Time Co-ordination Model: An application to the City of Lisbon 

Appendixes 

 

 
i 

 

IX  Appendixes 

 

Appendix 1 Output attributes from bus GPS location 

Variable Type Description 

G Integer Identification of the group the Stop belongs 
SGI String Section identification of group 
Dr String Date relative to first day of data 
t String Time in the section 

P5 Integer 24 hours in 5-minute increments 
P15 Integer 24 hours in 15-minute increments 
X_O Double X coordinate of the origin group 
Y_O Double Y coordinate of the origin group 
X_D Double X coordinate of the destination group 
Y_D Double Y coordinate of the destination group 

L Integer Section Length 
S Double Speed in Section 

WD Integer Day of week 
 

Appendix 2 Output attributes from bus ticketing information 

Variable Deleted Type Description 

TTG Yes String Ticket type group (e.g. monthly pass) 
RT No Double Time of record 
Vh No Integer Vehicle Identification 
TID No String Ticket ID 
TT Yes String Ticket type (e.g. 1 zone) 
BL No String Bus Line Identification 
E Yes String Operation type 

RS No String Status of record 
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Appendix 3 Parameters of the Discrete Choice Model 

Variables Auto Moto Taxi Bus Walk Heavy Car + PT Light + Heavy PT Carsharing Shared Taxi Minibus Carpool 
ADEQ 0,133 0,133           
ASC 1,024 0,000 -1,476 0 0 0 0 0 0 -0,923 1,721 0 
ATIME    -0,042  -0,042 -0,042 -0,042 -0,167  -0,047  
CAR         -0,419  -0,419  
COST -0,281 -0,281 -0,171 -0,416  -0,416 -0,281 -0,416 -0,319 -0,171 -0,674 -0,281 
COST2 -0,220 -0,220     -0,220     -0,220 
COST3       -0,674      
DESEMP -0,956    -0,956        
DIST           0,00003 0,00003 
ENTROP   3,385 3,385 3,385 3,385  3,385  3,385   
ENV -0,092* -0,092*  0,088 0,088 0,088 0,088 0,088     
EXTRA      0,072* 0,072*    0,072* 0,072* 
FREE 0,399 0,399   0,399  0,399  0,399    
FRESH     0,400 0,400 0,400  0,400   0,400 
HIGH  0,428 0,428  0,428    0,428 0,428  0,428 
INC    -0,00008   -0,00008    -0,00008  
METRO      0,429       
NDIAS            -0,333 
NTRIP           -0,132 -0,132 
PARK   0,416    0,416  0,416 0,416   
PASS    1,031  1,031 1,031 1,031     
PPRESS -0,054            
RETIRA -0,691    -0,691        
RUSH -0,107 -0,107  0,081* 0,081* 0,081*       
SCOM    0,170 0,170 0,170  0,170 0,170    
SECUR -0,133  -0,133  -0,133    -0,133 -0,133   
STATUS   -0,097       -0,097 -0,097  
TIME -0,028 -0,028 -0,016 -0,023 -0,042 -0,016 -0,028 -0,017 -0,028 -0,016 -0,016 -0,028 
TIME2       -0,016      
TRANSF    -0,248  -0,248 -0,195 -0,195     
WTIME   -0,017 -0,017  -0,017 -0,017 -0,017  -0,017 -0,017 -0,017 
YOUNG -0,645   -0,645         

*significant at the 90% level
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The utility functions used, for each transport mode, in the final specification contained the variables defined 

in the table below. It can be observed that only four alternative specific constants (ASC) were significant 

different  from zero.  The  majority  of  the  variables  was  significant  at  the  95% confidence  level,  apart  from 

three attitudinal variables (ENV, EXTRA, RUSH) significant at the 90% level. The used variables present the 

following specifications: CAR – car ownership; DESEMP – people who are unemployed; DIST – distance 

travelled; FRESH – 25 to 35 year old person; HIGH – people with a high degree (Bachelor, Master or PhD); 

INC – income class (from 1 to 6); METRO – if the trip destination is less than 750 meters away from a metro 

station; NDIAS – number of days per week willing to use carpooling; NTRIP – number of trips per day; PASS 

– if a person holds a public transportation pass; RETIRA – if a person is retired; SCOM – trip belonging to a 

commuting trip chain; TIME - on-board travel time (in car + PT TIME and TIME2 represents the on board 

times in private vehicle and public transport, respectively); WTIME – waiting time of public transport 

alternatives; YOUNG – 18 to 25 year old person. 

Appendix 4 Features specification of the Section agent 

Feature Type Description 

A1 (…) A13 Variable Independent variables coefficients of speed regression 
B Variable Independent term of the speed regression 
Cluster Variable Cluster to which the Section belongs 
Code Variable Identification code of the Section 
Decision Variable Code identifying the type of action at each time step 
Error Variable Relative error in the speed estimate 
Group Destination Variable Group of the Stops at destination 
Group Origin Variable Group of the Stops at origin 
Percentile_25_cluster Variable Percentile 25 Cluster Historical Speeds 
Percentile_25_section Variable Percentile 50 Section Historical Speeds 
Percentile_25_zone Variable Percentile 25 Zone Historical Speeds 
Percentile_50_cluster Variable Percentile 50 Cluster Historical Speeds 
Percentile_50_section Variable Percentile 50 Section Historical Speeds 
Percentile_50_ zone Variable Percentile 50 Zone Historical Speeds 
Percentile_75_cluster Variable Percentile 75 Cluster Historical Speeds 
Percentile_75_section Variable Percentile 75 Section Historical Speeds 
Percentile_75_ zone Variable Percentile 75 Zone Historical Speeds 
Percentile_90_cluster Variable Percentile 90 Cluster Historical Speeds 
Percentile_90_section Variable Percentile 90 Section Historical Speeds 
Percentile_90_ zone Variable Percentile 90 Zone Historical Speeds 
Recover from incident Variable Boolean identifying the recovery from an incident 
Reg variables Variable Number of independent variables of the regression 
Sample size Variable Sample size of the regression model 
Zone Variable Identification of the zone to which section belongs 
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Feature Type Description 

Length Variable Euclidean distance between the extreme points of section 
Speed Variable Instant speed in the section 
Last intervals Collection Collection of registered speed in the last 6 periods 
Prediction next intervals Collection Collection of speed predictions for the next 6 periods 
Record actions Collection Recording of the regression results 
Compute percentiles Function Computes the historical percentiles for the next 6 periods 
Update speed Event Event that triggers the computation of the instant speed 
 

Appendix 5 Features specification of the Common Section 

Feature Type Description 

Section i Variable Section 1 
Section j Variable Section 2 
Distance Variable Euclidean distance between extremes 
Length Variable Real network distance [m] 
Speed Variable Instant composite speed [pixel/min] 
Travel time Variable Instant travel time in section 
Estimated travel 
time Collection Collection of estimated travel times (6 periods) 

Predict travel time Event Triggers the update of travel time predictions 
Update travel time Event Triggers the estimate of the instant composite speed 

 

Appendix 6 Features specification of the Route 

Feature Type Description 

Route ID Variable Identification code of the route 
ID first Variable Identification code of the first bus to perform the route 
Line Variable Bus route designation 
Way Variable Operational direction of the service 
Day of the week Variable Integer variable that codes the day of the week 
Timeout Variable Headway to the next expected departure [min] 
Symmetric route Variable Code of the route in the opposite operational direction 
Edge ID’s Collection Collection of all the Edge ID’s that form the route 
Timetable Collection Collection of all the departure time of the route 
Buses Collection Collection of buses operating the route during the day 
Bus arrival Event Event that triggers the start of a bus operation 

 

 



A Bus Real Time Co-ordination Model: An application to the City of Lisbon 

Appendixes 

 

 
v 

Appendix 7 Stop features specification 

Feature Type Description 
ID Variable Identification code of the stop 
Name Variable Designation of the place 
St_shape Variable Graphical representation of the stop 
X Stop real Variable Spatial projection coordinate X of the stop [m] 
Y Stop real Variable Spatial projection coordinate Y of the stop [m] 

 

Appendix 8 Group features specification 

Feature Type Description 

X Group Variable X coordinate of the group centroid 
Y Group Variable Y coordinate of the group centroid 

 

Appendix 9 Edge ID features specification 

Feature Type Description 

Route Variable Route that operates in the Edge ID 
Section Variable Link to the corresponding section 
Sequence Variable Position in the bus stop sequence 
Stop i Variable Origin stop of the Edge ID 
Stop j Variable Destination stop of the Edge ID 
Distance Variable Euclidean distance between extremes [m] 
Length Variable Real network distance [m] 
Shaper Variable Graphical representation of the Edge ID 
Speed Variable Instant speed in the Edge ID [pixels/min] 
Travel time Variable Generated instant travel time [min] 
Zone Variable Zone where the Edge ID is located 
Common section Collection Collection of the common sections of the Edge ID 
Next buses Collection Collection of the registered bus passages 
Predicted bus Passages Collection Collection of the predicted next bus passages 
Estimated travel time Collection Collection of the predicted travel times (6 periods) 
Predict travel time Event Prediction of travel times of the Edge ID (6 periods) 
Update speed Event Generation of the instant speed and travel time 
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Appendix 10 Zone features specification 

Feature Type Description 

Percentile speed Variable Historical speed percentiles practiced in the zone for day 
period 

Name Variable Designation of the zone 
Neighbours Collection Zones with common borders 
Edge ID’s Collection Collection of Edge IDs within the zone 

 

Appendix 11 Zone 281 features specification 

Feature Type Description 

Percentile speed Variable Historical speed percentiles practiced in the zone for day period 
Name Variable Designation of the zone 
Neighbours Collection Zones with common borders 
Edge ID’s Collection Collection of Edge IDs within the zone 
 

Appendix 12 Features specification of the Main object 

Feature Type Description 

Day of the week Variable Day of the week (e.g. Monday, Tuesday….) 
Total demand Variable Sum of the demand created by each Edge ID 
Spatial Possible Transfers Collection All pairs of Edge IDs with a walking time < 1 minute 
Temporal Spatial Transfers Collection All pairs of Edge IDs with a service nearby other 
Cluster1 (….) Cluster5  Collection Collection of all the sections that belong to Cluster i 
Data percentile Collection Speed percentile of each section per period 

Day Period Schedule Table of conditions that changes the value of the day 
period for the Fill Boarding Period event 

Fill Boarding Rates Period Event Change boarding rates of each of the five periods of 
the day for generate demand on the Edge IDs 

Generate Demand Event Event to inject every minute demand on each Edge ID 
using the boarding rates of the previous event 

Change day Event Event to increase Day variable each 1440 minutes 

Check Time Compatibility Event Event which verifies which of the spatial possible 
transfers are temporal possible to co-ordinate 

Objective Function Event Calculate the objective function in the case of co-
ordination, estimating all the gains and the losses 

Load Function Reads from the database and generates input data 
Database Connectivity Database connection for input data 
Outputs Connectivity Database connection for output data 
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Appendix 13 Features specification of the Service 

Feature Type Description 

Service ID Variable Unique ID of the service 
Accumulated  time Variable Accumulated time since service start 
Available Seats Variable Number of seats available (maximum - 85 seats per bus) 
Distance Variable Cumulative distance travelled by the bus during a service 
Next service time Variable Next bus departure for the same route [min] 
Position Sequence Variable Code of the next Stop (where 1 is the first) 
Route Variable Route identification code of the Service 
Service Shape Variable Graphical representation of the Service operation 
Speed Variable Instant speed of the bus [pixels/min] 
Edge ID Variable Current Edge ID that the service is performing 
Time passed Variable Passage time at the previous Stop 
Vehicle Variable Vehicle assigned to the Service 
Demand Collection Demand per origin road per destination zone 
Estimated travel time Collection Predicted travel times for the following Edge IDs 
Edge IDs Collection All Edge IDs of the Route being performed 
Travel time Collection Registered travel times at each Edge ID performed 
Get speed Function Computes instant travelling speed in a 5 minute interval 

 

Appendix 14 Features specification of the Transfer OD 

Feature Type Description 

Stop to coordinate Ac Variable Stop of co-ordination of the first Edge ID 
Stop to coordinate Bc Variable Stop of co-ordination of the second Edge ID 
Service A Variable Service of the first Edge ID 
Service B Variable Service of the second Edge ID 
Stop A Variable Stop where service A is on that time 
Stop B Variable Stop where service B is on that time 
Predicted Time A Variable Estimated time to arrive at co-ordination stop A 
Predicted Time B Variable Estimated time to arrive at co-ordination stop B 
Demand of transfer A Variable Demand which is going to make the transfer A-B 
Demand of transfer B Variable Demand which is going to make the transfer B-A 
Total service demand A Variable Total demand in service A 
Total service demand B Variable Total demand in service B 
Objective Function Variable Value of the objective function estimated 
Co-ordination Time Variable Objective time to co-ordinate the services A and B 
X Variable Value of instant deceleration of service A 
Y Variable Value of instant acceleration of service B 
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Feature Type Description 

Edge IDs between A Collection Collection of the Edge IDs between A and Ac 
Edge IDs between B Collection Collection of the Edge IDs between B and Bc 
Predicted Time Edge IDs A Collection Collection of predicted time of Edge IDs between A 
Predicted Time Edge IDs B Collection Collection of predicted time of Edge IDs between B 
Boarding Rates Total A Collection Collection of Boarding Rates of Edge IDs between A 
Boarding Rates Total B Collection Collection of Boarding Rates of Edge IDs between B 

Boarding Rates Transfer A Collection Collection of Boarding Rates of transfer A-B  on Edge 
IDs between A 

Boarding Rates Transfer B Collection Collection of Boarding Rates of transfer B-A on Edge 
IDs between B 

 


