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Preface

COMPRAIL 2006, the tenth in a series of well-established and successful
international conferences on Computer System Design and Operation in the Railway
and Other Transit Systems, was held in Prague, Czech Republic, in 2006. Since 1987,
COMPRAIL has provided a world forum for planners, designers, manufacturers and
operators to discuss how they can benefit from computer-based techniques.

This book contains most of the papers presented at COMPRAIL 2006,
representing the latest research, from development and application of computers to
the management, design, manufacture and operations of railways and other
passenger, freight and transit systems.

The Conference attracted a large number of papers, divided into the following
sections: Planning; Safety; Passenger interface systems; Decision support systems;
Computer techniques; Converting metros to driverless operation; Advanced train
control; Train location; Dynamic train regulation; Timetable planning; Operations
quality; Communications; Energy management; Power supply; Dynamics and wheel/
rail interface; Freight; Condition monitoring.

This book is distributed throughout the world by WIT Press, the publishing arm
of the Wessex Institute of Technology. In addition, together with all other
COMPRAIL Conferences held from 1994 onwards, the papers are displayed in the
electronic library of the Transactions of the Wessex Institute, where they are
permanently available to the international scientific community.

The Editors are grateful to all the authors for the excellent papers and to those
members of the International Scientific Advisory Committee who participated in the
review process. The success of the conference and this book is the result of their
significant contribution of time and energy.

The Editors
Prague, 2006
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Choices between stairs, escalators
and ramps in stations

W. Daamen, P. H. L. Bovy & S. P. Hoogendoorn
Department of Transport & Planning, Delft University of Technology,
The Netherlands

Abstract

In assessing the design of a public transfer station it is very important to be able
to predict the routes taken by the passengers. Most simulation tools use very
simple route choice models, only taking into account the shortest walking
distance or walking time between a passenger’s origin and destination. In order
to improve this type of route choice model, other factors affecting passenger
route choice need to be identified. Also, the way these factors influence route
choice behaviour needs to be determined, indicating how each factor is valued.
In this research, route choice data have been collected in two Dutch train stations
by following passengers through the facility from their origins to their
destinations. These data have been used to estimate extended route choice
models. The focus in this contribution is on the influences of level changes in
walking routes on passenger route choice behaviour. It appears that the different
ways of bridging level changes (ramps, stairs, escalators) each have a significant
and different impact on the attractiveness of a route to the traveller.

Keywords: passenger behaviour, route choice, vertical infrastructure, choice
models.

1 Introduction

Public transport passengers are subjected to the problem of making route choice
decisions in interchange nodes. This route choice becomes more and more
complex, since public transport stations are slowly turned into multi-purpose
facilities, including shopping and catering services. While this increases the
number of activities that may be performed in a station, it also makes the station

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)
doi:10.2495/CR060011



4 Computers in Railways X

less understandable and thus complicates the route choice process for
individuals.

In assessing public transport facility design, understanding pedestrian route
choice is very important, since it is one of the key factors affecting the
occurrence of crowding. In illustration: when all pedestrians take the same route,
large concentrations of pedestrians will occur, whereas when interchanging
passengers are more evenly distributed over the different routes in the station, the
infrastructure will be more efficiently used and pedestrian comfort — expressed in
terms of densities and speeds [1] — is likely to be higher.

Unfortunately, most simulation tools used for such assessments only include
a fairly simple route choice model, derived from shortest path models. We argue
that to improve our knowledge on the route choice process and to identify the
factors affecting this process more varied and detailed observations are needed.
With such observations, we may be able to derive more complex and accurate
route choice prediction models.

This paper presents results from an effort to improve the predictive
performance of pedestrian route models for public transport facilities by
collecting dedicated data and estimating route choice models. We focus on the
influences of level changes in walking routes and the different impacts of various
ways of bridging these changes of level such as by ramps, escalators, and stairs.

This contribution starts with an overview of the state-of-the-art on route
choice in public transport facilities. The main part of the contribution consists of
the data collection and the estimation of route choice models including various
variables. We end with some conclusions.

2 Passenger route choice in public transport nodes

For a general reference about travel behaviour in transfer stations, see [2]. This
paper is on the influence of level changes on passenger route choice in public
transport facilities. Reason for the hypothesized large influence is the fact that
bridging level differences costs physical effort to the pedestrian. Physical
abilities have major importance in the route choice process. Personal
characteristics are important in order to see their effects on route choice.

Considering the vertical dimension, pedestrians do not only consider walking
time (including delays in front of and on escalators and stairs) and walking
distance, but also the effort involved in climbing a grade (with similar travel
times, only few pedestrians choose the stairs in ascending direction) [3].

Especially in transfer stations, walking in vertical direction is very important.
Apart from Cheung and Lam’s study [3] no systematic analyses of the route
choice impact of different forms of bridging level changes are known. Therefore,
the study described in this paper focuses on the influence of level changes in
routes and the type of their overcoming on passenger route choice behaviour. To
that end, we have tried to gather a more extensive route data set, also taking into
account several other factors identified in literature as potentially affecting route
choice behaviour.
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3 Adopted research approach

The research question to be dealt with in this paper may be formulated as: ‘Do
the various types of walking facility influence passenger’s route choice in train
stations, with special attention to the way of vertical height bridging?” We try to
address this question by empirical observations of revealed choices of train users
under varying conditions with respect to trip lengths, origins and destinations,
choice set compositions and route choice factors, especially types of vertical
height bridging (level, stairs, escalators, ramps). To that end, passengers’ route
choices will be observed in different railway stations having enough variability
in route choice conditions. The observations will be used to derive parameter
estimates by adopting discrete choice models.

To estimate whether height bridging facilities affect route choice in stations
we choose to adopt a path-size logit model since this model type is known to be
sufficiently robust to cope with the necessary simplifying assumptions.

In this paper, we will focus on the data collection and the results of the choice
estimation. For more details on the choice estimation, we refer to [4].

4 Passenger route data collection in stations

New data had to be collected in order to enable addressing the research question
on level difference impacts on passenger route choice in public transport
facilities. We chose the Dutch railway stations of the cities of Delft and Breda
(the Netherlands) for this data collection, since the number of different choice
situations and route alternatives is reasonably high in these stations. Also, the
total range of infrastructure elements, that is, level elements, stairs, escalators,
and ramps, can be found by pooling the data of Delft and Breda. The average
daily volume in both stations is similar (21,750 passengers in Breda and 19,500
passengers in Delft). Also, the distribution over the trip motives is similar (38%
work and business, 27% school and study and 36% social and leisure).
Differences in route choice are therefore mainly affected by the infrastructure
layout.

The data collection on chosen routes has been performed by unobtrusively
following passengers, while monitoring personal characteristics (gender, age) as
well as the route they chose from an entry point to the exit point.

In Delft the choice situations to be observed differ in various respects such as
in length, in length of the sheltered part of the route, in level difference, and in
facility type for bridging these heights (stairs or ramp). Only trips to and from
platform 1 (see Figure 1:) are taken into account in this study, since no route
alternatives exist to platform 2.

In Breda, alternative routes differ in the type of facility for bridging levels
(stairs or escalator). Figure 1: shows plans of both stations.

The observations in Delft have taken place during both the morning peak
hour and the evening peak hour during three weeks in November 2003. In Breda,
observations have also been performed during both peak hours, but only during
one week in January 2004.
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Figure 1:  Plans of Delft Station and Breda Station (below).

Fixed characteristics of the stations have been observed once during an off-
peak period. All other observations have been made while following the
passengers from their origin, using a stopwatch to record walking times and
writing the data on a dedicatedly designed observation form.

In Delft, 745 observations have been collected for 68 different origin-
destination combinations, whereas in Breda 180 observations have been
collected for 48 origin-destination combinations. The level changes in Delft are
limited and are bridged by ramps and (short) stairs, whereas in Breda pedestrians
have to choose between stairs and escalators to arrive at the platform. The
average number of routes to choose between is larger in Delft (3-4 route
alternatives) than in Breda (2-3 routes).
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Figure 2:  Overview of trip types observed in Delft Station.

Figure 2: gives an overview of various observed trip types in Delft according
to direction and activity participation in the station. Trips with intermediate
activities are split into separate direct routes. Trips to and from platforms are
assumed to show different route choice behaviour. Table 1 summarises some of
the observed person characteristics in both Delft Station and Breda Station.
Unfortunately, only few observations with heavy luggage are available in the
sample.

In order to give the reader a feeling of the collected data, Table 2 and Table 3
show some results for station Breda. Table 2 shows the route observations
pertaining to the trips in Breda between platform 5/6 and the station hall. For
each of the 16 distinguished origin-destination relations the number of route
alternatives (used and non-used) and some attributes of chosen routes are given.
The table shows sufficient variability in walking times between relations as well
as in composition of stairs and escalators. It shows that only in a minority of
cases all alternatives are indeed used by travellers.

Table 3 summarises for each route in a choice situation the number of
pedestrians having chosen this route as well as the corresponding average
walking time. Only the trips in Breda Station between platform 5/6 and the hall
are included in the table. The routes in this table are numbered according to the
location where they enter the platform. Route 1 is via the escalator on the right,
while route 2 uses the stairs on the left. Route 3 is the route using the stairs
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element, since this is the most natural way of walking. However, in most stations
tracks are crossed at different levels for safety reasons. Passengers are therefore
obliged to overcome differences in height using stairs, escalators, or ramps.
Comparing the different facility types, stairs are valued much more negative than
escalators and ramps. While escalators and ramps are valued similar, escalators
are slightly preferred.

For a quantitative comparison, we use the relative level penalty, comparing
walking time on a specific type of facility to walking time on a level element.
Table 4 shows the results for such a comparison. We see that walking time on
stairs is valued 1.86 times that of walking on a level element, thus 1 second
walking on stairs is valued similar to 1.86 seconds walking on a level element.
For escalators and ramps, a single second of walking time is equal to
respectively 1.28 seconds and 1.37 seconds of walking on a level element.

When we distinguish between the directions a facility is used (upwards
versus downwards) we see that passengers prefer the downward direction (lower
relative level penalties). Walking downwards on an escalator or ramp is even
preferred over walking on level elements.

Table 4: Relative level penalties for different types of facilities.
All directions | Upwards | Downwards
Level element 1 1
Stairs 1.86 2.78 n.s.
Escalator 1.28 1.86 0.72
Ramp 1.37 1.66 0.95

n.s. = non-significant

In addition to the influence of the facility type, we have also looked at the
influence of passenger characteristics, trip characteristics and observational
characteristics, see [4] and Table 5. In Table 5, the second column indicates the
reference group (in italics). The weight that the other groups give to travel time
is given relative to this reference group.

With respect to passenger characteristics, we tested differences in choice
behaviour between men and women, between children, adults, and seniors, and
between passengers with and without luggage. The only considerable distinction
in behaviour is found for seniors, having a very strong preference for short routes
(nearly eight times as much as adults). The trip characteristics (boarding or
alighting passengers and whether passengers performed an intermediate activity
or not) did not change passenger’s behaviour.

Finally, observational characteristics have been looked at. No differences
were found in route choice during the morning peak and the evening peak.
However, weather conditions and the day of the week did influence route choice
behaviour. Bad weather conditions made passengers choose even more for the
shortest routes, whereas passengers valued walking times significantly worse on
Monday than on Tuesday and Thursday. This might also be due to the passenger
type (less regular travellers on Monday versus regular travellers on the other
days of the week).
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Table 5: Influence of passenger, trip and observational characteristics.
Reference group
Personal Men Women
characteristics 1 1.00
Children Adults Seniors
1 0.82 6.34
With luggage Without luggage
) 0.92
Trip Boarding Alighting
characteristics 1 1.21
With activity Without activity
1 1.09
Observational Morning peak Evening peak
characteristics 1 0.93
Sunny weather Clouded
1 1.58
Monday Tuesday Wednesday | Thursday
1 0.71 0.79 0.69

6 Conclusions

In this paper, we have discussed data collection for modelling passenger route
choice in public transfer stations. These data have been collected in two Dutch
train stations by following passengers and recording their chosen route as well as
some personal characteristics. Based on these data a route choice model has been
estimated, taking into account not only walking times, but also the influences of
different types of facilities (level elements, stairs, escalators, and ramps). The
estimated model came up with very reliable results. Including a route choice
model like this with such explanatory power in a passenger flow simulation tool,
the assignment of passengers to the station infrastructure network will be more
accurate, thus leading to better predictions of the simulation tool with respect to
concentrations of passengers in a station.

Although intended for use in a simulation tool, the values for infrastructure
types estimated in this research may directly be applied in facility design
decisions on supporting e.g. the installation cost of escalators. The estimated
values are passengers’ qualifications of the infrastructure elements, different for
upward and downward direction and as such an indication for the distribution of
the passengers over the elements. Cost and comfort of an infrastructure type may
be assessed directly in the design stage, together with the offered capacity.

Although this is already a remarkable improvement, further research is
recommended. First, the existing data set might be applied for more detailed
models. More variables, also with respect to personal characteristics and
observational characteristics will be included in a single utility function. Also,
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other types models will be looked at. To be able to predict passenger route
choice in an arbitrary station or already in the design stage, more data will be
collected on other stations with different layouts. We will look for a more
extended number of infrastructure types (elevators), where also characteristics of
the infrastructure will differ (length, grade). We also plan to observe different
passenger types, focussing among other things on the amount of luggage that
passengers carry, passengers’ habit and passenger behaviour in groups or
travelling with small children.
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How is the business case used by stakeholders
for making project decisions
with PFI/PPP projects?

M. J. Gannon
Westminster Business School, University of Westminster, London, UK

Abstract

In the United Kingdom (UK) Metro and Light Rail projects (new schemes,
extensions and enhancements) are traditionally promoted by public sector
sponsors within an extensive network of public and private sector stakeholders.
This structure of public and private stakeholders has emerged since the structural
and funding changes to the UK rail industry that occurred in the early 1990s;
particularly the case with Public-Private-Partnership/Private Finance Initiative
(PPP/PFI) rail projects. This complex stakeholder network includes: private
sector infrastructure providers, train-operating companies; and public sector
County Councils, Government departments and advisors and consultants from
the private sector acting on their behalf.

Each group of project sponsors needs to address a range of complex project
decisions throughout the project’s development period. The business case
provides decision makers with a tool to analyse and assess options to inform and
justify the impact of these project decisions. Therefore the information
contained within the business case is critical to facilitate successful project
decision-making. Although literature provides a best practice for the business
case form and an outline of expected project decisions, it provides minimal
information regarding the nature of these decisions and how the business case
and supporting information is used in addressing these decisions.

Keywords: PFI/PPP projects, business case, decision making, rail projects.
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1 Introduction

Rail schemes in the United Kingdom (UK) often take longer to progress through
the development cycle than project sponsors and the general public expected.
Many schemes appear to remain on the “drawing board” in some cases for nearly
a decade. Two fine examples of this are Croxley Rail Link [1] and Crossrail [2].

During the development stage, projects waiting for a “green light” to
commence the planning process for a Transport and Works Act order (TWA)
undergo a business case scrutiny check firstly by corporate decisions makers and
then Government decision makers. During this second scrutiny by Transport
authorities, projects undergo a barrage of business case related questions and
enter into a seemingly perpetual cycle of questions and requests for project
information from project sponsors and their advisors by the policy and decisions
makers. The reason for this state of perpetual “development suspension” has
two aspects. From the critics perspective it is due to the indecision of the policy
and decision makers who sometimes appear to ask continual questions regarding
the business case with perhaps a hope of delaying the approval decision; and
from the policy and decision makers perspective it is due to the sponsor not
providing sufficient information or in the form requested or modelling
inconsistencies have been found and need resolving. Either way the project is
on hold and becomes delayed in its fight for approval. In extreme cases
structural changes have occurred to the industry during this time.

Similarly during the transaction stage projects can also be subject to major
delays often bordering on having the project halted: due to political disagreement
as was the case with London Underground’s Public-Private-Partnership (PPP); or
project’s bid costs exceeding the Government’s expectations as was the case
with three Light Rail Transit (LRT) UK schemes [3]: Leeds SuperTram (41%
higher than expected), Manchester Metro (73% higher than expected) and South
Hampshire Rapid Transit (59% higher than expected).

This prolonged wait for rail investment in the UK is sometimes not helped by
the seemingly lack of decision making and unsuccessful decision making that
occurs based on the information contained in a scheme’s business case [3].
Additionally when a decision is made, “go or no-go”, by the policy and decision
makers, there is often limited transparency provided to project sponsors or the
general public regarding how the decision was made. This is not helped when
critical information on which the project decision was made is excluded from the
business case framework.

The aim of the paper is to investigate using a qualitative Case Study and
Survey research method how the business case and supporting information is
used by public sector project stakeholders (decision makers) to support project
decision making for PFI/PPP projects during the development phase. The
investigation will focus on identifying key project decisions, the business case
form and additional information used in the decision making process; and
contrast these findings with the best practice business case form appropriate for
decision making advocated in literature to identify any shortcomings with the
business case that could be used to facilitate improved decision making with
projects.
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2 Public Finance Initiative/ Public-Private-Partnerships
(PFI/PPP)

2.1 Whatis PFI/PPP?

According to Li et al [4] there are eight models of Public-Private-Partnerships
(PPP’s) of which PFI is the most commonly used form in the UK.  PFI is
essentially where the public sector contracts with a private sector consortium on
a long-term basis often between 20 to 30 years to deliver services. During this
period the private sector typically Designs, Builds, Finances, Operates and
Maintains (DBFOM) the assets and provides a service to the client according to a
performance specification. There is a close proximity between the PFI model
and the PPP model as used to fund London’s Underground system [5]; PPP in
this case was used generically however was best described as an acquisition and
a variation of the PFI model incorporating lessons learnt from the UK Rail
privatisation.

The initiative has offered a means of funding large-scale public sector
projects whilst not impacting on the Government’s public sector borrowing
requirement (PSBR) and has allowed private sector skills and innovations to be
brought into the public sector to improve efficiency and provide Value for
money (VIM). For contractors the initiative provides a ‘golden opportunity’ to
secure long-term contracts with a steady payment stream in return for a delivered
service.

2.2 Extent of PFI/PPP projects in the United Kingdom

Public-Private-Partnerships (PPP) bring together the public and private sectors in
a long-term partnership. It has been an innovative means by which the public
sector has attracted the private sector to invest in public services. The years
1987 to 2004 has witnessed nearly £40 billion of private capital invested in 626
projects across 20 public sectors departments, see Figure 1.  Although prior to
1992 private investment in public sector projects was governed by the Ryrie
Rules. The most significant of this expenditure and most complex projects have
been within the transport sector where nearly 50% of this expenditure has
occurred. With the Health sector witnessing the largest number of PFI projects

signed in the UK.
At present PFI/PPP represents an extremely important method to Her
Majesty’s Treasury (HMT) of financing public sector projects. PFI has

provided a means of reaching those parts of the public sector where privatisation
was not possible whether this was due to social policy, lack of financial viability
or where the full cost of the industry could not be met from the users or all of
these [6]. Such examples where this initiative has been applied to investment in
public services include: roads, hospitals, schools, prisons, defence, light rail and
metro systems see Figure 1.
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Figure 1:  Number of PFI/PPP deals signed by public sector department in the
UK Between 1987-2004 [7].

2.3  Project stakeholders in PFI/PPP projects

Project stakeholders refer to those groups who are positively or negatively
affected by the delivery of the project [8]. Figure 2 illustrates the groups of
project stakeholders for a rail project positioned against their project decision
making authority with the business case and business case information available
to the stakeholder on which to base their decision. Project sponsors and
corporate sponsors are those groups on a project who have authority for decision
making with the business case. Project sponsors usually make decisions during
the development of the business case and corporate sponsors make strategic
project decisions using the business case.

The project sponsors supported by their advisors are the best informed with
business case information in terms of the development of the case and why
decisions were taken at the project level. Whereas at the corporate level this
“development” information is summarised and included within the business case
for decision making purposes although not all of this information will be known
on which the decision is made.
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information on which to base decision.
3 The business case

3.1 Purpose

The purpose of the business case is well established by decision makers. A
business case is used as a means of obtaining management commitment and
approval for an investment providing business change through a clearly
presented rational; and a framework (structure and contents) for informed
decision making in planning and management of the business change and
subsequent benefit realisation [9]. According to references [10] and [11] the
purpose of the business case is to provide all the information needed to make an
informed decision as to whether a project should be funded. ~However the
business case in many organisations is limited to the quantitative aspects of the

project rather than the wider project aspects on which the project decision is
based.

3.2 A best practice framework

The OGC [9, 11] have suggested a general framework for the business case that
comprises of five cases: linking the organisation and its corporate strategy to the
project’s economics and finance and the organisation’s ability to deliver the
project, see Table 1. The five cases include [12, 13]: The Strategic Case
(Strategic fit), The Economic Case (Options appraisal), The Value for Money
Case (Commercial aspects), The Financial Case (Affordability) and The Project
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Management Case (Achievability).  The Strategic case is equivalent to the
Project Brief in PRINCE2™ and is often identified prior to the development of
the project; the Economic Case and Project Management Case are part of the
Project Information Document (PID) in PRINCE2™.

Each of the five cases has elements that are essential to capture project
information on which to make investment decisions [13]. Information relating to
the corporate, finance and planning, aspects of a project is covered by Strategic
Fit and Affordability. Information relating to the project itself is covered within
the Options Appraisal, Commercial and Achievability. Commercial aspects are
considered in the project’s business case when the project is procured using
PFI/PPP. Each of these cases seeks to establish whether the project: will meet
the need of the business (Strategic Fit); progress the most appropriate option
(Options appraisal); demonstrate the preferred option is fully achievable
(Achievability) and the organisation fully understands the project implications; is
affordable over the project’s whole life especially including service changes
(Affordability); and has sound commercial arrangements for external
procurement and demonstrates value for money (Commercial). This framework
can be used as a business case for all types and sizes of projects.

4 Research methodology

A qualitative case study and survey research strategy utilising PFI/PPP metro
and light rail projects was used to investigate: project decisions made;
information that was used to support these decisions; and information boundaries
of the business case. The case studies were selected due their position within
the project development stage and also due to their differences in nature. For
instance underground, surface line projects and light rail.

Data collection was by way of semi-structured interviews, transcribed, with
project stakeholders; corporate finance, project sponsors and consultants who
were responsible for developing cost and revenue forecasts for these projects to
provide a context to the three areas under investigation. Project reports were
reviewed to business case related information used in decision-making. This
provided material from which key information themes were identified and
analysed using within case analysis. The affordability decision was the main
project decision investigated with each of the case studies.

S PFI/PPP project decision making and information used

5.1 Project decision and business case form

The form of the business case specified in each of the cases investigated was
dependent upon whether the investment, procurement or financing project
decision was being addressed. Table 1 shows the ‘Project Decision’, the
‘Business Case’ form and the ‘Purpose’ of the business case [14]. With PFI/PPP
projects the procurement and financing decision are the same decision. Figure 3
show the business case equations used to calculate each business case.

Each of the three business cases, shown in Table 1, use common cost and
revenue components, with the exception of the economic case that uses social

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)



Computers in Railways X 19

benefits. In either case components are combined and it is their purpose that
really distinguishes the form of each business case.

Table 1: Business cases required for PFI/PPP projects.
Project Decision Business Case Purpose
Is the investment Economic case: To assess whether the
Justified? Options Appraisal Investment is
worthwhile.
Does the investment
provide value for Value for Money To assess whether the
money to the public (VIM): project should be funded

sector implementing
the project using

Commercial Aspects

PFI/PPP?

Is the project delivered

using PFI/PPP Financial Case:
affordability to the Affordability

and procured by using
PFI/PPP or traditionally
(i.e. grant).

public sector?

@) Economic Case: The economic case provided comfort for the economic
justification of the project. This is required before proceeding with the PFI/PPP
procurement route. It determines the benefit to society of carrying out the
project. A key point with this analysis was that only incremental costs, revenues
and benefits associated with the investment were considered. A benefit to cost
ratio (BCR) was determined and used to assess whether the projects were a
worthwhile investment.

(ii))  Value for Money Case: Two business cases are prepared to determine
Value for Money (VfM), the Private Finance Initiative (PFI) case and the Public
Sector Comparator (PSC). Each of these cases were prepared to assess and
compare the cost to the public sector, on a whole life basis, of undertaking the
project under PFI/PPP or through traditional means using a ‘hypothetical’
comparator namely the PSC.

At the development stage the PFI business case was governed by the project’s
intended contractual model. This was comprised of the project’s revenue,
service charge costs (for a given level of service) and risks retained by the public
sector. The service charge represents the private sectors revenue stream from the
project. This was calculated by deriving the rate of return for the project from
the project’s cash flows; where the cash flows covered the private sector’s capital
and operating costs and risks for undertaking the projects. The PSC was a
theoretical business case to determine the cost of carrying out the project using
traditional procurement. This case assumed grant was not constrained and
reflected the cost and the total risk to the public sector of implementing the
project’s performance specification.

(iii)  Financial Case: This was used to assess the affordability of the project to
the public sector and was an analysis of the case for incremental project revenue
less incremental service charge incurred for the PFI/PPP project. The emphasis
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was on determining the impact of the project on the gross margin and whether
the project was affordable to sponsors. A project might well represent VIM
however is unaffordable to the organisation. The project’s cashflow statement
was used to inform and justify the Net Financial Effect to the sponsoring
organizations.

Economic Justification:

BCR = NPV[Social Benefits]/NPV[NFE]
If BCR> Threshold investment justified.

Value for Money Decision:

VFM = NPV[PSC Costs + Risk] — NPV[PFI Service Charges + Risk]
If VFM>0 Value for money has been achieved.

Affordability Decision:

NFE = NPV[Revenues]-NPV[PFI Service Charges]

Figure 3: PFI/PPP business case equations.
5.2 Information used in decision making

Although not considered as part of the business case by the sponsors wider
project information was also considered as part of the affordability decision
making process. A sample of this information used to support this decision
making is shown in Table 2. With the cases examined the business case was
often synonymous with an appraisal and hard information (quantitative) rather
than soft information (qualitative). The business case information was
represented at two levels the Corporate decision making level and the Project
level; containing the financial model and the detailed development knowledge of
the project and business case.

6 Shortcomings of the business case

The project sponsor’s business case predominantly contained hard financial
information therefore not surprisingly its role was restricted to the financial
analysis that played a minimal role in project decision making. It was evident
significant soft information was utilised in the project decision making process
outside the sponsor’s business case, see Table 2. This exclusion of information
from the business case removed transparency in the decision making process.
Equally the business case used for decision making at the corporate level
provided no indication to decision makers of the development process. For
instance nothing is brought to the corporate decision makers attention in a
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business case framework regarding model calibration or validation, forecasting
methodology, capability and experience of forecasters or data sources. These
elements are often researched by the project sponsor before making a corporate
decision but not included within the business case framework to facilitate good
practice.

Table 2: Hard and soft information used by sponsors in project decision
making.

Information Used in Project Decision Making
Cashflow and Net financial effect on sponsor (annual and PV) for central
case.

Hard Cashflow with scenarios

Cashflow with sensitivities

Benchmarking outturn capital and operating costs with project costs.

Benchmarking operating costs and revenues with operating system.

Benchmark revenue forecasts against revenue forecasts form other models.

Quantitative risk register

Sponsor’s statutory obligations

Sponsors’s existing project commitments and priorities

Co-sponsors business need and urgency

Co-sponsors financial return

Co-sponsors relationship with consultants and information control

Government Authorities project expectation and position

Political support for project (MP’s, Mayor)

Opinions of senior stakeholders

Sponsor’s long term policies (fares and operations)

Five year budgeted amount for project

Existing board papers and agreed status of project

Lessons learnt on previous projects

Judgement of bias of information

Discussions/ agreements made at Senior Management level

Contractual model precedents

Contractual principles (proposed or existing)

Qualitative risk register

Information

Soft
Information

Having investigated the case studies there is an argument to widen the
boundaries of the business case to include this information within the case to
provide transparency with decision-making. Additionally there is an argument to
deepen the business case to capture critical business case development
information from the project team for corporate level decision makers thus
providing a framework to facilitate improved decision making.

7 Conclusion

Best practice business case frameworks provide a useful template for the
business case however there are information shortcomings in terms of its width
and depth. Investigating the case studies has demonstrated the business case is
often associated with an appraisal and its role limited to quantitative aspects
supported by wider project information used in decision-making. However this
wider information used for decision-making is not cited as part of the business
case framework although is critical information.
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To provide transparency in decision making it is essential all information
used in the process is included within the business case framework. By
providing an additional detailed framework in which to capture business case
development information will provide decision makers with further assurance
decisions are made on a credible business case. Supplementing this form of
business case with lessons learnt from past projects will provide a business case
framework that would facilitate improved decision making with projects thereby
reducing wasted costs and time. The development of a new business case
framework to facilitate improved project decision-making is currently being
researched at the University of Leeds by the author.

The contents of this paper represent the views of the author and do not
represent University of Westminster’s policy. The author does not accept any
liability for its correctness
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Abstract

The population growth and increase in number of commuters in urban areas give
rise to the need to either build or extend a rail transit system requiring: (i)
optimization of the alignment of a rail transit line and (ii) optimization of station
locations along rail transit lines. The positions of the stations depend on many
factors, such as total cost for locating them, proximity from the residential
neighborhoods, feasibility studies, and environmental, and political factors. In
this paper a bilevel programming approach, which minimizes the total cost, is
proposed to solve the station location problem. At the lower level, the potential
ridership generated from the major cities or CBDs are estimated by dividing the
study area in optimum number of zones, to maximize the usage by the potential
riders. At the upper level, the number and location of intermediate stations are
determined by minimizing the sum of user, operator, and location costs. The
primary components of costs are the costs associated with traveling to the station
and in-vehicle travel time, land-acquisition cost (also known as right-of-way
cost), and cost of operating the train, construction of stations and parking
facilities. The total cost is minimized using a Genetic Algorithm (GA). A
Geographic Information System (GIS) is used in order to work directly with
maps of the proposed rail-line, existing road networks and transit lines, and land
and property boundaries. The population and passenger distribution in the study
area as well as the travel times are obtained using a GIS which is integrated to
the GA, to obtain the best station locations. The model is applied to decide on the
optimum positions of stations along a transit corridor of an artificial case study.
The results indicate that one can optimally locate station locations with improved
precision if GIS data with sufficient accuracy were available.

Keywords: bilevel programming, rail transit station location, genetic algorithm.
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1 Introduction

The population growth and the increase in the number of commuters in urban
areas give rise to the need of extending the facilities of the existing transportation
system. Transit system has been considered to be an important and efficient
transportation mode for the mobility of mass population. It is gaining preference
these days as it discourages the congestion and pollution, generally caused by
automobiles. A rail transit system comprises of a transit line and stations along it.
Once the transit line is aligned, the issue of locating the stations functionally and
optimally along it arises. The positions of the stations depend on a number of
factors, including the total cost for locating them, a feasibility study, and
environmental and political factors. But, the most significant factor which
influences the location of a station is the travel demand at the particular zone
surrounding the station. In order to estimate the travel demand for a transit
system potential rail transit riders have to be identified. The transit ridership or
the travel demand generated at a particular station or zone is governed by the
socioeconomic and demographic factors of that geographic area. The
characteristics of the regional population play important roles while estimating
the travel demand.

The research problem in the paper is to find the optimal number and locations
of stations along a rail transit line provided the source, destination and the
alignment of the transit line are given. The model is developed based on the
potential ridership along the transit line. The objective function of a station
location problem is developed as a cost minimization problem, which is a
non-linear, and non-convex programming problem. The problem is formulated as
a bilevel programming model. The concept of bilevel programming is applicable
when two different stages of the problem share the common set of resources, but
control different sets of decision variables to reach to the final solution. The
station location problem is modeled such that the clustering of population is done
homogeneously at the lower level, in order to obtain the optimal services from
the stations, and at the upper level the cost is minimized, to optimize the number
and location of stations. The population data can be obtained using GIS database.
A Genetic Algorithm (GA) is used to solve the optimization problem at the upper
level. The model is applied on a small artificial case study, where the optimal
locations of stations are obtained after the total population along the transit line
is clustered in two groups.

2 Literature review

The station location problem along the transit line has been approached by
various researchers in different times. The problem of locating stations along
transit rail lines in urban areas seems to be interesting and challenging to the
researchers from the earlier days. Vuchic and Newell [1] studied the station
location problem considering the linear transit line and uniform passenger
distribution along it. They solved a set of partial differential equations to
minimize the total cost. Wirasinghe [2] considered rail-station location as one of
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the parameters to design nearly optimal parameters for a rail/feeder-bus system
on a rectangular grid. The approach to solve the problem was to develop an
analytical model to minimize the travel time and the operating costs by
considering a rectangular grid, which is not applicable in practical life.
Wirasinghe and Seneviratne [3] tried to optimize rail line length in an urban
transportation corridor by minimizing total transportation costs. Formulation of
the various cost components, e.g., user and operator costs were described vividly
in their study. Spasovic and Schonfeld [4] developed an optimization model for
transit service coverage using a penalty method. The stop spacing was obtained
by considering a differentiable cost function. Kikuchi and Vuchic [5] developed
a process which provides a theoretical basis for the selection for transit stopping
policy and the number of stops. This study does not specify the spacings between
them or the locations along a transit line. Horner and Grubesic [6] proposed a
planning approach for locating rail terminals based on GIS data. It is mainly
based on the demand parameter rather than the cost consideration. In another
study by Lutin and Markowicz [7] the potential ridership was estimated
considering the corridors based on the residential landuses. The demand was
considered to be uniform. The cluster was developed based on the density and
the proximity of the transit station in that study.

Bilevel Programming concept, which is fairly new, is applied on various
transportation problems. Le et al. [8] formulated a bilevel model for the terminal
location for a logistics problem. They designed the lower level model as per the
behavior of the individual vehicle using the terminal minimizing its own cost and
the upper level as the behavior of the planner for minimizing the total cost of the
logistics system and the optimal size and location of the terminals. A GA is used
to solve the problem optimally. Huang and Liu [9] proposed a bilevel approach
for a logistics distribution network with balancing requirements. It promises to
give a flexible network. The upper level is to minimize the total cost and the
lower level is designed to obtain the balanced workload for the network. A GA is
used to solve the problem. A bilevel program model is designed for toll
optimization on a multicommodity transportation network [10]. At the upper
level, the objective is set to maximize the revenue and the lower level is to
minimize the total travel cost, i.e., to obtain the shortest path in the network. The
model is applied on two examples. Murray-Tuite and Mahmassani [11]
developed a bilevel formulation to determine the wvulnerable links in a
transportation network. At the lower level, the traffic assignment is done
optimally and the vehicles are assigned accordingly. At the upper level, the
disruption is maximized in the network based on the vulnerability index. The
classical Traveling Salesman Problem (TSP) is also solved by bilevel
programming [12]. The toll optimization problem is reduced to a TSP problem
and is solved by relaxing the bounds. Hejazi et al. [13] and Yin [14] proposed a
GA based solution tool for bilevel programming models. Mathur and Puri [15]
studied the bilevel programming model for a bottleneck of non-convex problem.
They studied the nature of the problem and proposed a formulation and solution
methodology. By reviewing the literature the motivation to apply the bilevel
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programming on the station location problem is drawn in order to incorporate the
potential ridership in the model.

3 Model formulation

The bilevel programming model is designed as a two-stage optimization
problem, where the optimal values of one set of variables obtained at one level
are used to determine another set of variables at another level. The representation
of a typical bilevel programming can be found in the literature [9]. The station
location problem is formulated as a bilevel programming model as given below.

The formulation of the objective function and constraints are shown in two
different levels, such as lower and upper levels. The description of the
formulation of the model is represented by fig. 1. The structure of the bilevel
programming model is shown in fig. 2.

%, Cluster IT 7" T
6 Lo
Py Destination|

Source

Figure 1:  An example showing the locations of intermediate stations,
clustering of population and the centroids.

3.1 Lower level

At this level the aim is to cluster the population of the study area into a number
of homogeneous subgroups using the concept of classification [16]. The
centroids are obtained by clustering. The equivalent clustered population of each
subgroup is supposed to act from the respective centroid. The travel time of the
clustered population is calculated from the centroid of each subgroup to the
stations which remain within the range of the particular cluster. The study area
and the length of the rail transit line are divided into the equal sub areas or
segments, respectively as that of the number of subgroups. The mapping is done
to the centroid of a subgroup and one or more stations, which remain within the

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)



Computers in Railways X 27

respective segment of the transit line, respectively and the travel time is
calculated from the centroid to the respective stations. The total population is
partitioned in K exclusive, and collectively exhaustive subgroups. The
homogeneity of the subgroups will depend on the variance of their population
values. After creating the subgroups the equivalent population of the subgroup
and the positions of the centroids of the subgroups are calculated by the centre-
of-gravity method.

Optimal number and locations of stations

T Genetic Algorithm

Minimization of total cost Upper level model

e

Optimize the
number and
location of the

- User cost (Travel - .
Location time cost) Operation stations
Cost [Travel time is Cost
calculated from the

centroid of each
subgroup to the stations]

1

i Optimal number of homogeneous sub |
| grouped population i Lower level model
' ? i Optimize  the
: Minimization of variance :(::] assignment  of
! : the population
! 0 ] 1| to be serviced
i T Clustering ' | by the stations
i Total population in the study area .
Figure 2: Structure of the bilevel programming model.

Each group is represented by:
Xy :(Gg,, D¢, sk =12,.K
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where, G¢_= equivalent population of k™ subgroup
D¢, = position of the centroid of k™ subgroup

The objective function is expressed as
Minimize Vy

€]

Subject to
KsN;ifDi—Di_lzﬁ (2)
K< ; otherwise, 3)

S N-J

where, J = number of times when D; - D;_; < ﬁ

where, V is the variance of the population values of the K subgroups given by,
Vi =Var(Ge)
where, 5(: Z{Gck};k =12,...K

3.2 Upper level
At upper level, the total cost is minimized based on the division of the study area

in optimal number of subgroups and the travel time cost of the population of the
study area. The objective function can be written as:

Minimize TC = UC+ OC + LC 4)
Subject to
Q)
AS; > AS,.

where, UC = User cost = unit travel cost (UTC ) X total travel time
OC = operator cost = unit operator cost (UOC ) X vehicle travel time (tv )

LC = Location cost (property value)

AS; = Spacing between i and (i+1)" stations

AS
The above costs have to be formulated as a function of the decision variables

which are the coordinates of the station points. Mathematically, the cost can be
formulated as,

min = Minimum spacing

N N | K
TC(D;,D;,.....Dy) = Y TC(D,) = D | » UC(D,,R) +0C(D,) +LC(D,) (6)
k=1

k=1]i=1
where, Dy = k" station
P; = centroid of i subgroup
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Now the passenger access time (ta)is calculated as it plays the most important

role in the total cost calculation. For i" subgroups and N i station, the total
access time of the passengers can be written as,

M
tai = Z pi Xt”y' = 1,2,3,....K (7)
[

where, p; = population of i"" cluster

t;j = travel time from the centroid P; to jth station

M = the number of stations which exist within the range of the i" cluster
The operator cost is a function of the distance traveled by the vehicle, and the
location cost is composed of the cost of right-of-way acquisition.

4 Solution methodology

The optimization problem is solved using a GA based algorithm, which is
modified from the previous work by Jha and Oluokun [17].

4.1 Steps of the genetic algorithm

Step I. Generate a random number between 1 and N:
ry (,N)=k; kis a positive integer . This is the number of intermediate stations

between the source and destination.
Step II. Generate k random numbers (rdl,l’dz,....,rdk)z[/11,/12, ..... ,/”Lk]in the

interval (AS .., L —AS
population consists of A;,4,,....4, which represent the distances of the possible

mins min ) » Which represent the interstation spacings. The initial
intermediate stations from the starting station.

Step III. Calculate fitness (total cost function) of the population members.

Step IV. Apply mutation and crossover operators. Mutation operator is
developed by randomly selecting a gene and replacing it by a randomly selected
real number within the limiting values. The mutated chromosome becomes

[ll,/iz,.../ik',.../in ], where l’k is the replaced value (changed distance from the

starting station).

Step V. Develop the crossover operator by selecting two solutions from the
population randomly. A part containing one or more than one station is identified
from each of these two solutions and they are exchanged maintaining the
feasibility conditions to produce two new solutions.

Step VI. Develop a selection-replacement scheme to ensure efficient
convergence towards the global optimum.

Step VIL. Iterate for the specified number of generations from steps I-V1.

Step VIII. Stop when searching through specified number of generations is
complete or improvement in the objective function value is negligible (within
1%). Obtain the optimal station sequence and associated optimal cost.
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Table 1: Population of cities.
City Population
Py 10,000
P, 5,000
P 25,000
P, 10,000
Ps 18,000
Pg 16,000
P, 13,000
Table 2: Location cost for the stations along the transit line.
Distance from the source (ft) Cost ($)
0 10,000
2 10,000
4 25,000
6 17,200
8 13,000
10 15,600
12 12,000
14 30,000
16 22,000
18 15,300
20 14,500
22 16,900
24 15,000

S Numerical example

The model is applied in a small artificial case study. It is assumed that seven
cities e.g., Py, Py,..., P; are present in the study area (Figure 3). For simplicity,
the transit line is assumed to be linear and the coordinates of the source and
destination are given. Based on the population (Table 1) and the location of the
cities we cluster the total population in two mutually exhaustive subgroups. The
clusters are obtained by minimizing the variance of the total population of the
two subgroups at the lower level. We find out the centroids of these two
subgroups, which are represented by C; consisting of the clusters of Py, P, P
and P, and C, consisting of the clusters of Ps, Ps and P;. The populations of the
two clusters are 50,000 and 47,000 respectively. The coordinates of C; and C,
are given by (10.4, 18.5) and (18.9, 21) respectively. The total population of
each cluster is assumed to act from the centroid and the positions of the centroids
are shown in Figure 3. Thus, we obtain two homogeneous subgroups of
population from which the travel time cost is calculated to the stations along the
transit line. The stations are allocated to the subgroups for the service based on
their locations and the range of the cluster under which they fall. The unit travel
time cost and unit operator cost considered for the example are 1000 dollars/ft
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and 2000 dollars/ft respectively. The location costs are given in Table 2. We
calculate the travel time to the stations from the centroid of the cluster within
each subgroup. We add the operation cost and location cost along with the
calculated travel time cost to constitute the total cost. At the upper level we
minimize the total cost using the Genetic Algorithm. We obtain the location of
four stations S;, Sy, Sz and S, (Figure 3) which gives the minimum cost of

$57.603x10°.

25 1 Ps
X% P;
Ps 92. -
20 A Destination
. (20, 20)
E 5] S
s 15 4
5
2z 10
a
5 .
0 T T T T :
0 5 10 15 20 25
Distance (ft)

Figure 3: Optimal locations of stations.

6 Conclusion and future scope

The bilevel programming model is applied on a small artificial case to determine
the optimal number and locations of stations along a rail transit line. The
clustering of the population is done at the lower level. The efficiency of the
model depends on the accuracy of the clustering process. The intent of clustering
is to distribute the population homogeneously to the stations for obtaining the
optimal service from the stations. For the example studied, we obtain two
clusters of population at the lower level and four stations along the transit line at
the upper level as optimal solutions. It has been observed that as the clustering
varies, it gives different solutions. As we increase the number of clusters, the
variance decreases but the total cost increases. Additional research has to be
carried out to explore other variables which can make the clustering process
perform better and more efficiently, other than the variance. The parametric
study has not been considered in the scope of the present study. The sensitivity
analysis of the parameters has to be performed to make the model robust. The
model has to be validated on a real life case as in future works.
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Abstract

This article explores the application of virtual reality techniques to rail transit
systems from the design and training perspective. We present virtual
environments for interactive 3D visualization of a rail transit station. We
describe the design and implementation of some 3D models, which offer a good
level of user-interaction and animation within a common rail transit system. The
virtual environments for interactive 3D visualization are modeled using Virtual
Reality Modeling Language (VRML), a web standard for creating virtual worlds.
Two basic categories of models are discussed in our study. The static 3D
models, which are used for planning and design purposes, are based on the
object-oriented approach. The dynamic models, which are used for simulation
and driver-training purposes, are based on the event-driven approach. Even
though a standalone VR application is not capable of a higher level of interaction
or animation, using SCRIPT nodes, JavaScript can be embedded in the program
to provide additional functionalities. JavaScripting can be used ingeniously to
manipulate and control some of the key animation and interpolation nodes to
provide powerful functionalities within the VR world. In this study, we integrate
the script programming language with virtual reality and elucidate simulations
that can be employed for driver training purposes. By employing these
visualization and simulation techniques, designers, engineers, planners, and
decision-makers can assess the plan beforehand. The virtual worlds serve as
immensely useful tools during the design process by helping the designers to
position themselves in photo-realistic 3D immersive environments wherefrom
the actual scenario can be viewed and modifications made accordingly.
Keywords: virtual environments visualization, animation, rail transit systems,
object-oriented approach, event-driven approach, object linking and embedding.

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)
doi:10.2495/CR060041



34 Computers in Railways X

1 Introduction

These days, rail stations must cater to the demands of a considerably larger
group of commuters with varying needs and demands. Hence, considerable care
has to be taken in planning and designing the railway stations. Visualization is a
very useful tool that holds immense potential in planning and designing modern
rail transit stations. Visualization enables seeing beyond the individual objects or
components of the scene and facilitates understanding the entire scene as an
interlinked framework. In real world systems, objects do not exist in complete
isolation, but are related to each other, either directly or indirectly. Visualization
is a tool of immense value that helps to tackle design problems and facilitates
finding an optimal solution, which is both time-saving and economical.
Visualization enables viewing the constituent elements of a rail -infrastructure
framework in whole as well as in parts. This kind of object-based visualization is
of significant value to designers, planners and decision makers.

2 VRML and 3D Visualization

A wide range of visualization techniques are available as on date. In fact, any
pictorial representation can be considered a visualization tool. Today, one term
that is synonymous with visualization over the web is ‘Virtual Reality’. Much of
the 3D visualization for a wide range of applications is done in a virtual space
that is often characterized as “virtual worlds’. The reason they are called virtual
worlds is that they are not actually 3D worlds in real space, but they are digital or
cyber worlds that have their own coordinate systems and define a 3D virtual
coordinate space in which applications can be built. The users can navigate
within these virtual worlds, interact with the objects, rotate or scale them, and
transform them in multiple ways. These virtual worlds facilitate user interaction
with the 3D objects and provide a sense of immersion.

Modeling using virtual environments facilitates visualizing the finished
product (constructed rail station) before hand. When the designers, planners, and
other possible members who are involved in decision-making view such a
model, it facilitates non-destructive testing [1]. If, after construction, the
decision-makers feel that the location of terminal facilities is not appropriate or
the positions of some architectural elements have to be changed for aesthetic
purposes, this would involve a lot of wastage of time and resources. However, a
3D immersive virtual environment enables visualizing the station even before it
is built and the planners and decision-makers can view and navigate through the
model at the convenience of an office desktop and changes can be made without
wasting any money. The model can be viewed, discussions held, modifications
can be finalized and these can be incorporated before the actual construction can
begin. One recent trend is to incorporate public-participation in infrastructure
projects. In such cases, the model can be hosted online and members of the
public can walk-through the model and suggest possible modifications. Suitable
suggestions can be incorporated into the model before actual construction can
begin.
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3 Static 3D models: Rail Transit Systems

This section focuses on the application of VRML for planning and designing rail
transit stations using static models. The basic difference between a static and a
dynamic model is that the objects in a static model do not have animation
capabilities. Using static 3D models, it is possible to test an application before
implementation and virtual worlds can be used to systematically construct rail
transit stations [2]. More importantly such environments allow the design of
transit stations according to diverse and changeable real-world requirements. The
salient advantages of such 3D visual representations are that

e  Multiple scenarios can be evaluated
Infinite viewpoints can be generated
Decision-makers can view the finished product before hand
The virtual models are extremely time-saving and economical
Visibility of signals and various other elements can be tested

3.1 Planning and design of terminal stations using object oriented approach

Designing modern railway stations is a complex process and the following
important factors must be considered and incorporated into the planning and
design process [3]. Today’s rail stations are more complicated owing to the
following reasons:

e Rail stations handle considerably greater number of trains per day

Passenger numbers have increased dramatically over the past several years
Many rail terminals are supposed to cater to multi-modal transport demands
Stakeholders in station construction includes both public and private parties
The financial investments in station infrastructure have increased manifold

3.1.1 Major elements of a rail station
Some common components of stations, when viewed as a collection of objects,
besides platforms and the tracks, are:

e  Public Telephones
Vending stalls and/or Machines
Toilets
Ticket halls
Luggage handling/storage rooms
Station management room
Fire-fighting or emergency equipments

e  Stairs, elevators, and escalators
This is by no means an exhaustive list, as the station components vary depending
on the complexity of operations and the level of commuter service. Nevertheless,
in today’s scenario stations are in a position to include more and more advanced
equipments and technologies that can offer convenient facilities to the
commuters. In such a situation the challenge is to properly position the existing
infrastructure facilities in an optimal manner to best serve the commuters.
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3.1.2 Design criteria
Stations can be defined as the links where the rail transit system establishes
contact with the neighbouring regions. Rail terminal stations are also the points
where commuters get access to the services and change over to other modes of
transport. Therefore, meticulous station design and planning for optimal use of
the system is inevitable. The primary objectives in the design and planning of a
station must inevitably pay utmost care to include

0 Aesthetic look

o0 Provisions for emergency management

0 Adequate quantity and quality of facilities
The mere provision of space required for the infrastructure cannot satisfy the
aforementioned goals. More than the amount of space available, it is the
ingenious utilization of this space that determines the efficiency and performance
of a station. The consumers i.e. the commuters might have diverse observations
spaces [4] in a platform and such views should be able to elicit the amenities
available and hence provide a wholesome glimpse of the station. One important
consideration while including various amenities in a station should be that the
several shops and booths should be carefully located so as not to impede
commuter movement, whilst at the same time not located on an island within the
station so that commuters who need services urgently can not access them.
Currently, station design and approval might involve experts and specialists from
diverse backgrounds, such as designers, engineers, technicians, architects, and
even economists. In order for the designers and architects to be able to explain
their schema to all the members clearly, they need to make use of a tool such as
visualization. 3D visual worlds are excellent tools for communication and can be
easily understood by a broad spectrum of people.

3.2 Station design using VRML

VRML adopts a hierarchical structure for describing 3D worlds. Visualizing the
world as a group of objects within a structural framework facilitates modeling
real-world scenarios better [2]. Typically, the elements mentioned earlier under
section 3.1.1 can be found in a rail station. The station can be considered the root
object that is at the top of the hierarchy, under which all other objects fall. There
can be further ramifications depending on the object’s complexity. For instance,
platform is a child of ‘Rail Station’ and ‘Ticket Hall’ is a child of ‘Platform’
object (Figure 1).

There are several advantages of such grouping of elements composing a scene
in the form of objects that have group or parent-child relationships. First and
foremost, the overall organization becomes lucid and basically no element,
however large or small, is left out. This facilitates quantity estimation greatly and
also aids locating system components within a huge framework.

Another prominent feature offered by the object-oriented approach is that of
‘reusable software objects’” (Figure 2). Quite frequently, a single element is used
more than once within a parent or group object. For instance, wheels of
locomotives, sleepers used in the track system, inventory elements such as
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lamps, signposts, furniture elements etc. In such a case, the object that occurs
repetitively can be defined just once and instances of the object can be used

subsequently.

Scene/Root Object
Rail Station
|
| | | |
Platform Track-system Other Station Infrastructure
| L
| | | |
Ticket Hall Luggage Room Station Management Other Amenities
|
| | |
Ticket Hall Public Telephone Toilets Vending Stalls
| | |
ﬁr;’:;;n;reﬁ:cy Escalators Elevators Stairs
Figure 1: Hierarchical grouping of Station object.
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a. Scene Tree structure showing ‘Parent-Child’ relationships.

b. Hierarchical grouping of station elements.

Every component within a rail terminal has its unique function. For instance,
the ultimate objective of signboard is to convey relevant and useful information
to the commuters. This is lost if a signboard is improperly positioned or is in a
condition wherein reading any information from it is difficult. Particularly, in
today’s scenario wherein international tourists constitute a considerable chunk of
commuters in metropolitan rail station, signboards are a key source of
information. Virtual worlds serve as an excellent means to view the model of the
station and its components from numerous perspectives, and optimally
positioning the signboards. Similarly, during the planning stage, the various
other elements can be placed in different positions at different locations and thus
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can be seen from different perspectives and even from different heights. This
will facilitate locating intruding objects or judging visibility.

3.3 User interface for multi-perspective and multi-scenario visualization

Figure 3 illustrates a VB powered GUI (Graphical User Interface) that facilitates
multiple-scenario visualization with interactive functionalities. By means of OLE
(Object linking and Embedding), the various virtual worlds are embedded and
linked on a common interface. Each scenario depicts a different configuration of
the same rail station, which can be a simple re-organization of the elements in
the previous scenario or a total rearrangement of the station components.

=, GUI - Object Linking and Embedding —
;}NEEE.%%"
User Interface - Virtual Rail Systems
EE N Bl
2 : : i g
Scenariolwd | | Scenarkozawd ' | Scenariodawd ¢ | Scemsriotwmd ﬁ é
: ; g A8 o
Viewpoint-1 - Viewpoint-2 - Viewpoint-3 - Viewpoint-4 - a ,g
| : : 2 ;]
g (8 |8 |8 L
Scenrioluwl | Scenariozoel | Scensciodunl | Scensriotanl ==
: A 2 i Eatrane J Ealt
Viewpoint-5 : Viewpoint-6 : Viewpoint-7 : Viewpoint-§ C.I f[flfl ¢| #I o

Figure 3:  a. Visual basic GUI with Object linking and Embedding (OLE)
functionality. b. Rough Layout. c. Viewpoint 1. d. Viewpoint 2.

Such virtual environments can also be used to create sophisticated rail car and
locomotive models [5]. A very high level of detail can be built into the design of
such 3D models and the dynamic functioning of the locomotive components can
be visualized. Under real-world circumstances, it is practically impossible to get
to the level of the individual components each and every time when it is required
to visualize changes made. Using VRML highly detailed models capable of
dynamic behaviour can be generated and more importantly these models are
scalable. More importantly, the training can be incorporated even when the
model is being designed. Some other key functionalities that can be added into
the virtual worlds are described in Figure 4. The rail station model shown above
is composed of ‘Inline’ nodes, described subsequently, as well.
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Figure 4: VRML world with multiple viewpoints.

Anchor {# LINKING to VB form Inline {
children [ DEF Platforml Shape { ... }] url [C\compartment].wrl]
url " C:\RailStation-3D\ Platform1 frm" bboxCenter 0 00

description " Database-Platform1" bboxSize -1 -1 -1
parameter ["target= frame_Platform1"]} 3
Figure 5: Anchor node and Inline node functionalities.

Once the 3D component of the model generation is done, any descriptive
information or annotation can be associated with the corresponding object. This
may include any type of information as the application demands. For instance, an
application might demand the linking of GPS positional information and another
application might require facilitating user-input by means of visual basic forms.
This is done by means of the ‘Anchor Node’ construct shown above. Similar to
the Anchor node functionality, another node that is used in the construction of
databases or 3D worlds is an Inline node illustrated above. A VRML scene can
be divided into a set of files. This not only simplifies the design of the VR world,
but also facilitates reusing parts of the world already built in one scene in many
other worlds. In the case of the railway station, a set of shapes that draw a train
or compartment are grouped together and stored under a single node. This group
node can be given a specific name, say ‘compartmentl’, and reused later in
another world. The Inline node permits the specification of a URL from where a
specific file or data can be retrieved and reused in another file [7].

4 Dynamic models: simulation systems for training

This section focuses on the development of dynamic simulation models that can
be used in the process of driver-training. Simulation is also a very powerful tool
for collaboration, particularly with the practically unlimited connectivity and
access provided by WWW. Manufacturing, assembling, and testing a prototype
locomotive engine or rail car is a laborious and time-consuming task indeed. It is
also an expensive process. We see that there are several aspects to be considered
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at several stages ranging from product design and assembly to final
implementation. Some vital factors include:

e Training to be imparted to those involved in manufacturing and assembling
e Replicating product movement i.e. functioning of locomotive engine
e Imparting training to drivers who will be operating the trains

When using such simulations to impart training, the participants can get a ‘feel’
of the on-site circumstances and experience the practical difficulties without
being exposed to the associated risks. A mistake on the field, for instance, a
wrong maneuver while driving a train or a careless step during assembly might
even be fatal at times. However, using simulation for training eliminates the
hazards inherent in such processes and thus facilitates a safe training
environment. Moreover, training involves both aspects that are straightforward
and can be easily understood and those that are obscure and are rather difficult to
grasp. The understanding of such tricky and subtle aspects is imperative to gain
thorough understanding of real-world systems that inherently involve risks to
public property and lives. Simulation is an effective tool under such
circumstances as, once generated, the simulation models can be run as many
times as required to familiarize the trainees thoroughly with the system [6].
Trainers do not need to be repetitively hired to impart training and no additional
money is required to regenerate the training scenario.
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Figure 6: The flow of events among the nodes in an animation circuit.
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TitneSetisor DEF ClockTimet TimeSensor { ...}
{ enabled TRUE DEF RailPath Positionlnterpolator { ...}
startTime 0.0

stopTitme 0.0  REOUTE Timer fraction chatiged TO RailPath set fraction
loop FALSE ROUTE RailPath walue changed TO Train set translation
cyclelnteryal 1]

Figure 7: TimeSensor node and the ROUTE function for train movement.
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Figure 8: Flow of events among the nodes and the SCRIPT program.
4.1 Designing dynamic models using event-driven approach

Having seen the advantages of using 3D simulations, the discussion now focuses
on the actual animation framework within virtual worlds. As mentioned in the
previous section, using JavaScript or Java in conjunction with VRML 2.0
provides animation and interaction capabilities to the VR world.

The Script node in VRML calls upon a JavaScript linked with the node to
function within the browser. While this refers to the internal control of the scene
from within a node in the VR code, the EAI (External Authoring Interface)
allows manipulating the scene externally. Movements within a VR world are
brought about by animating position, orientation, or scale of the coordinate
systems in which the train objects exist. A clock is created by means of the
TimeSensor node and the changes can be described using the
PositionInterpolator and Orientationinterpolator nodes. In this case, the
simulation depicts the movement of a train along rail paths between stations or
along test routes. The path is a linear or a curvilinear path. The position along
this linear or curvilinear path is specified using Positioninterpolator and
OrientationInterpolator nodes.

The events must be transmitted from the TimeSensor to the
PositioniInterpolator and from the PositionInterpolator to the Transform node.
The ROUTE statement is used to link event from one node to another node. The
output event from Positioninterpolator, value changed is routed to the
translation field of the Transform node containing the ‘Train’ object. As
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animation progresses, the clock continues to send changed time values (SFTime)
and correspondingly new positions are chosen and output. This serves as the
input for the Transform node of the ‘Train’ object, thus causing the node’s
coordinate system to undergo corresponding transformation (translation, scaling,
and/or rotation). As a result, the ‘Train’ movement or simulation is achieved
(Figure 9).

Figure 9: Simulation training for drivers using virtual worlds.

5 Discussion and conclusion

The primary aim of this study was to explore the use of virtual reality tools and
techniques in building sustainable railway transit systems. This study discussed
the process of a prototype model generation using VRML and animating the
scene using a SCRIPT node and a scripting language, JavaScript. Even though
the conventional drawings and other 2D representations may provide an idea of
the place being designed, these cannot substitute a 3D view. Present rail station
design and locomotive modeling efforts are far more complex when compared to
those a couple of decades ago. Hence, it is imminent 3D data be viewed in their
3D forms in order to gain a better insight. Also, during the design and planning
process, it is common to come across a situation wherein there is a need to
visualize a future scenario.

This study explained with examples and prototype VR models the design and
construction of railway transit systems and also the use of such systems to
provide training to drivers. This study is just a beginning in the efforts to utilize
the immense potential of virtual worlds in railway transit designing and
planning. Future research may focus on the design of innovative locomotive and
rail car designs and the creation of advanced simulations that impart state-of-the-
art training at extremely low cost without wasting any resources.
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Abstract

Network effects are when a change at one place in the railway network results in
changes elsewhere in the network — maybe even far away from the original
change. Railway investments have network effects, and therefore, this paper
describes the network effects and how these network effects can be examined by
gueuing time. This paper gives examples of network effects and describes the
importance of the size of the analysis area and the connections between trains in
the railway network.

Keywords: network effects, queuing time, timetabling.

1 Introduction

The aim of many railway investment projects in Europe is to remove bottlenecks
in the infrastructure, thereby making it possible to reduce travel times and
increase the number of trains. The size of the benefits depends of the actual
project involved. In any case, it is an important planning task to determine the
future timetable. This makes is possible to determine the benefits for travellers in
a standard cost-benefit analysis (CBA). The scope of this paper is to discuss the
influence of the size of the analysis area on the calculated travel times.

Now, once a project is completed it is fairly straightforward to recognize that
the project will also influence the future timetable outside the project area,
thereby creating benefits outside the local area of the project. This is denoted
“Network effects” in this paper. It is not possible to claim this as a general effect.

On a rural branch-line, where local trains connect to the national InterCity
system, it is unlikely that any project will influence the national timetable. The
benefits on the rural branch-line will be purely local, while removing a major
bottleneck on the main-line network is likely to create changes on many
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connecting lines, and maybe improve the timetable across the national network.
In this case, a local analysis is not sufficient to capture all benefits.

1.1 Network effects in the Danish context

An example to illustrate the network effects is the Danish railway line between
Aalborg and Frederikshavn, cf. figure 1. It is a single track line with a one-hour
service. The travel time in one direction is 63 minutes and 66 minutes in the
other direction. The speed on the line is increased from 120 km/h to 180 km/h.

This project can be evaluated locally. However, the traffic in the northern part
of Denmark is not timetabled independently of the remaining network. The trains
are part of the nationwide 1C system and are therefore adapted to the arrival and
departure times of the IC-trains at Aalborg (as well as the crossing possibilities
in the northern part of Denmark).

If the crossing in the candidate timetable for the upgrading project is moved
to obtain benefits locally, e.g. 10 minutes for one of the directions, it would
result in nationwide changes. It is due to the fact that most regional trains have
connection to and from IC-trains. A change in the northern part of Denmark will
therefore influence the regional trains Copenhagen-Nykgbing F (in the southern
part of Denmark) because of the connection at Ringsted cf. figure 1. This change
may very well result in time benefits (or losses) at other lines of the network.

FArick ; - [Gutsirtan ratway ines

Figure 1:  The Danish railway infrastructure.
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Since network effects can influence the entire railway network, the extent of
which are impossible to examine, it is necessary to delimit an area of analysis.
Therefore, it is interesting to examine the importance of these network effects.

2 Methodical overview

To identify the network effects of the above mentioned increased speed project, a
nationwide candidate timetable for one standard hour must be worked out.
However, the nationwide timetable in Denmark depends on the train services
to/from Germany and Sweden. To evaluate all the network effects it is therefore
not enough to create a nationwide candidate timetable. It is necessary to include
the trains to/from Germany and Sweden and thereby also the nationwide
timetables of Germany and Sweden and so forth.

Network effects can be illustrated by queuing time. Queuing time is the
difference in running time when comparing a single train on a line with a
situation with many trains on the line. Queuing time on railway lines occurs
when the traffic intensity is close to the capacity level due to e.g. mixed
operation (slow and fast trains). When close to the capacity level, the operation
speeds of fast trains must/will adapt to the slower trains cf. figure 2. This will
increase the travel time for the trains that under free conditions could run at
higher speeds [6].

Place

1 Time

Figure 2: Extended running time (queuing time) due to other trains on the
line [6].

To calculate the queuing time the Danish developed SCAN model (Strategic
Capacity Analysis of Network) can be used (a similar function is found in the
German tool UX-SIMU). SCAN is a computer tool for calculation of capacity in
a railway network. In SCAN capacity is measured as average queuing time in a
sample of candidate timetables for a given infrastructure alternative. The tool can
be used in the strategic planning process where the exact infrastructure and
timetable are not determined. Therefore the system is based on a structure where
it is only necessary to know the plan of operation (i.e. the number of trains
within each category), the infrastructure in a simple way and the main dynamics
of the rolling stock [3].
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2.1 The general problem of network effects

One of the problems you have to handle when calculating the consequences of a
project is the size of the analysis area. When the analysis area is large, the risk of
network effects is high. This is due to the fact that when a large analysis area is
examined it is because of bigger changes in the infrastructure and/or timetables.
Major changes in the infrastructure and/or timetables may influence many trains
in the analysis area, and these trains may influence other trains outside the
analysis area.

However, even smaller analysis areas may generate network effects. This is
due to the way of planning the timetable in Denmark and many other countries.
All train services can be placed in a hierarchy, cf. figure 3, where the train
services placed in the top of the hierarchy is planned and timetabled before trains
further down in the hierarchy.

International
InterCity Express
v

InterCity
¥

Inter Regional

v

Regional
Local
Figure 3:  The hierarchy of the train service.

Even small changes in the timetable of a train in the upper level of the
hierarchy may influence other trains further down in the hierarchy, because these
trains are planned according to the train high up in the hierarchy. Since trains
high up in the hierarchy often travel long distances, the changes for other train
services can occur far away from the analysis area.

These changes in the railway network can occur far away from the analysis
area is due to the network effects. Therefore, it is important to examine whether
there are network effects. Nonetheless, the effects are normally only studied
locally. It can be due to lack of resources, or because the network effects are
uncertain (or insignificant), or because you only wish to evaluate the project
locally, isolated from the remaining network.

2.2 Network effects on the railway line between Copenhagen and Ringsted

An example of a local study is found in the Copenhagen-Ringsted study where it
was examined whether to extend the existing railway line or build an extra
railway line in another layout. The capacity analysis for each of the alternatives
only covers the actual line Copenhagen-Ringsted. For instance, the capacity
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conditions at Copenhagen Central Station have not been included. The analysis
itself consists of calculated queuing time for basis and 3 main alternatives as well
as a variant of the new construction solution see figure 4. The analysis can be
used to rank the alternatives examined, but it does not provide information about
the conditions of the project alternative, when the capacity conditions on the
adjacent lines are included.
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Figure 4:  Queuing time analysis of the Copenhagen-Ringsted alternatives

However, when an infrastructure project is carried out, the traffic on the line
or station in question is of course not planned independently of the remaining
network. As the yearly timetable is planned at the network level, the timetable
for the project area will also be influenced by this. The extent of this influence
depends entirely on local conditions. In case of major improvements of the
infrastructure on the main lines, it influences the timetable for the entire country
(due to connections between long distance trains and regional trains).

2.3 Methodical results

The influence is bilateral, partly because a candidate timetable covering the
project area may have derived effects at the network level, but the opposite can
also be the case. If a candidate timetable is only worked out locally, it is not
examined whether this timetable has conflicts outside the area. At worst, the
candidate timetable in question gives rise to conflicts on the adjacent lines in the
immediate area. Therefore, it can not be implemented in real life because of
capacity conditions on the remaining network and it thus overestimates the
benefits of the project.

The problem will be most significant, if the project is adjacent to lines with
dense traffic/nigh capacity utilization. When preparing the timetables you
normally start with the lines forming bottlenecks within the network, and if the
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project is adjacent to such a bottleneck, the timetable for this line will determine
the timetable for the project area.

A way to recognize the network effects is to work out a candidate timetable
for a bigger part of the network than the project area. The size of the network to
be included will depend on the project (and the analysis level). This method is
used in the Netherlands where the network is more complex than in Denmark.
Here a candidate timetable for one standard hour is worked out for the entire
network. This is done by the Dutch tool DONS [5]. The timetable is then used to
evaluate a project, so that it reflects both local effects and network effects.

It is a methodical problem that network effects cannot be generalized.
Analyses of queuing time can be used for an initial evaluation of the network
effects. By first carrying out an analysis of the queuing time locally and then an
analysis including the adjacent lines the difference can indicate the problem. If
the level of queuing time increases (queuing time per train-km) it is necessary to
look at the network effects, but if the level decreases they can (probably) be
ignored. This method is tested in the following section.

3 Network effects illustrated by queuing time

In this section the size of the network effects is examined for the Copenhagen-
Ringsted example by means of the queuing time method. After the public
hearing in 1998, a new examination of the project was initiated in 1999,
including the development of a new traffic model. For the alternatives to be
examined, a set of candidate timetables were prepared.

Three of these alternatives have been selected and used in this section. With
regard to the infrastructure, the alternatives are as follows:

Table 1: Scenarios examined.
Scenario Description of scenario
Basis Infrastructure in Funen and Zealand as in 1999

Extending line | Two extra tracks between Copenhagen-Hgje Taastrup and
Roskilde-Ringsted and higher speed on the line

New Line Two extra tracks between Copenhagen and Ringsted and
higher speed on the line

The candidate timetables comprise the railway network in Zealand (except
from the railway line between Elsinore and Copenhagen Airport) and Funen and
include the line Copenhagen Central Station-Fredericia (just west of Funen), cf.
figure 1 and figure 5.

With respect to this paper these timetables have been reduced to plans of
operations by eliminating all arrival and departure times, and the queuing time is
then simulated in the tool UX-SIMU. In this model, queuing time is calculated as
the average of all “timetables”. The result is minutes of queuing time per
train-km.
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Figure5:  Fastest travel time with regional train from Copenhagen [4].

Two studies of network effects are carried out:
1. The importance of the size of the analysis area
2. The importance of including connections

In the first calculation the analysis area is reduced to include only the project
area locally. The queuing time is calculated for the same trains, but only on this
line, so that it is only the capacity conditions on the approximately 60 km long
line that influence the queuing time.

In the other study the original analysis area is maintained, but now 2
connections are included in the calculation of the queuing time. A demand for
connection will reduce the number of possible candidate timetables and give a
more realistic calculation. Traditional analyses of queuing time do not cover this,
and it is an example of an obvious calculation simplification. It is not necessarily
clear which transfers there will be between the trains in a future scenario, it is
however taken for granted that there will be connections somewhere in the
network. The need for resources is of course smaller if the connections are
ignored, and for capacity analyses, where several projects have to be ranked, it is
probably acceptable.

4 The importance of the size of the analysis area

The importance of the analysis area has been illustrated by calculating the
queuing time for the whole of East Denmark as opposed to only calculating the
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queuing time for the line that is extended, i.e. the Copenhagen-Ringsted line. In
East Denmark the capacity conditions Copenhagen-Fredericia (approx. 200 km)
are included as well as the adjacent lines in Zealand where also single track lines
are included.

The result is made up as average queuing time per train-km, as the 3 main
alternatives do not include the same number of train departures. The result
appears from table 2. The average queuing time for a train that covers a distance
of 100 km is for instance 4.2 minutes in the basis scenario.

Table 2: Queuing time in the Copenhagen-Ringsted project.

. Basis | Extending line |  New line
(Queuing time in minutes per train-km)
East Denmark 0.042 0.048 0.057
Copenhagen-Ringsted 0.033 0.046 0.033
Ratio of analysis area 79% 96% 58%

In both Basis and Full extension (New line) scenarios it is seen that the
queuing time drops considerably, if it is only calculated locally as opposed to a
bigger part of the network. An isolated local examination will therefore
underestimate the queuing time when the project is seen in connection with the
remaining net. In New line, with 4 tracks to Ringsted, it reflects that the
bottlenecks are now found on lines further away than Copenhagen-Ringsted. In
the extending line scenario the amount of queuing time is more or less the same,
so in this case there is a balance between traffic and infrastructure.

The figures of queuing time indicate that the capacity conditions are
underestimated when you only look at the effects locally. It can also be
interpreted in connection with the timetables and the travel times indicated in
these. If the candidate timetable only comprises the line locally, then the possible
travel times are overestimated. When the remaining part of the network is
included, it results in an increase of the queuing time. In other words, travel
times, as a consequence of the project, will be longer than shown by a local
calculation of the travel times Copenhagen-Ringsted. Once completed, locally
the timetable will depend on the remaining network.

Furthermore, when comparing the queuing time for the entire network in the
three alternatives it is seen that both extension alternatives have relatively higher
traffic intensity than basis. It can be interpreted in such a way that the extensions
are trafficked too heavily as compared to basis; i.e. the regularity will be
relatively worse than at basis (i.e. the socio-economic benefits of the projects are
overestimated).

S The importance of connections

In many (Danish) cases analyses of queuing time do not take transfers into
consideration. To examine the importance of this simplification, it has been
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examined how much the above calculated queuing time for the whole of East
Denmark is influenced, if a number of connections are taken into consideration.

The calculation has been made with 2 commonly occurring connections: At
Ringsted between an IC-train and a regional train Copenhagen-Nykgbing F and
at Roskilde between an IC-train and a regional train Copenhagen-Holbak (cf.
figure 1). The calculation has only been made for the extension solution, the new
line scenario.

Table 3: Queuing time Copenhagen-Ringsted with connections.
Basis | Extending line |  New line
Area —_— :
(Queuing time in minutes per train-km)
East Denmark 0.042 0.048 0.057

Including connections at

Roskilde and Ringsted i - 0.061

It appears from table 3 that the amount of queuing time increases a little in the
New line scenario. However, as only very few of the trains examined are subject
to connection demands, it requires further studies to make a general statement.

On the other hand it can be concluded that network effects can have a big
influence on the locally obtained travel times, and thereby on the calculated
socio-economic benefit. As a principal rule, candidate timetables are worked out
for an area that is larger than the project itself to include the effect of the capacity
conditions on the adjacent lines. As a supplement to this a sensitivity analysis
can be carried out by means of a local timetable. In a number of cases the local
timetable will give shorter travel times and a better socio-economic profit and
illustrate the effect of bottlenecks in the adjacent network.

6 Conclusions

This paper has presented network effects and a method to evaluate the network
effects by examining the queuing time in the timetable. It has furthermore been
shown that network effects are likely to occur in a railway system.

Changes in the timetable at one place of the railway network can lead to
changes in the timetable for train services and/or railway lines far away. These
changes on other train services and/or railway lines far away are due to network
effects. Network effects are most likely to occur if changes in e.g. the
infrastructure in a large analysis area are examined or if a train high up in the
hierarchy of train services is influenced by the analysis.
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Abstract

This paper gives a closer look to the subject of the conversion of a conventional
metro line into a fully automated operation without interrupting or disturbing the
service. In the introduction, we present the Line 1 Automation project as one of
the principal aspects of Paris metro’s network modernization plan announced by
the Régie Autonome des Transports Parisiens (RATP). Next we give an
overview of the present line 1 and illustrate the decision key elements for
choosing it as a target of a fully automatic operation. The following section
describes the development of the line 1 model and shows the results made so far.
Finally, we expose the conclusions of the present work and the outlooks of the
line 1 automation project.

Keywords: Paris subway network, fully automated operation, safety, simulation.

1 Introduction

Three phases have marked the RATP history. The period 1900-1935 was the
birth of the Paris subway. The period 1955-1975 has known the first
modernization wave with the technology breakthrough of the operational control
centers (OCC), the automatic driving, the controlled manual train driving (CMC)
and with the new generation of the rolling stock. The period 2005-2020 shall see
the second modernization wave. A 50 years cycle gives rhythm to these
evolutions. So the new phase engages the Paris subway for the next decades.

The functional and technical bases of the new modernization program have
been defined by the RATP on April 26", 2002. Being oriented towards the new
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technologies, the equipments modularity and their interchangeability, they (it)
have permit to define the program known as OURAGAN (Offre Urbaine
Renouvelée et Améliorée Gérée par un Automatisme Nouveau). The first
implementation of OURAGAN shall take place on line 13 in 2007.

The modernization takes into account the accident report of Notre Dame de
Lorette. On August 30", 2002 at 13h21, the leading car of a train of the line 12
lies down on the track in the distance between the stations Saint Georges — Notre
Dame de Lorette, slips of a 50 meters distance and ends up by colliding with the
platform edge coping, face to a train stopped in the opposite track. This accident,
whose origin was due to a significant excess of speed, has led the RATP to
program the network equipment of a continuous speed control in less than 15
years instead of 30 initially foreseen.

The report of the functioning of line 14, a fully automatic line (Line 14 put in
service in October 1998), whose quality of service is approved by the majority of
the French citizens and the operators around the world has been also integrated
and the eventuality of automating an existing line is stated.

It is within the framework of this policy that the RATP has announced in
January 2003 the launch of a feasibility study of line 1 automation Churchill [1].

The main challenge of that project is not automation itself, whose feasibility
studies have been carried out and demonstrated by different well known projects
made all over the world, including RATP previous experience with SAET-
Meteor, which is recognized as a technical and an economical success.
Moreover, operation interruption of one of the most loaded Paris Metro lines
being impossible, the main goal (which is a world’s first) is to manage the
migration phase, new automation equipments being installed during nights with
the strong constraint to be able to resume normal operation a few hours later at
the opening of the line. This task must be achieved without significant decrease
of the quality of the service offered to the passengers and without any
degradation of people safety, including operation staff. This latter concern is the
cause of very specific problems during the transitory phase where cohabitation
between manual and automated trains will be unavoidable.

In this context, RATP has developed a modeling and simulation software tool
in order to be able to carefully analyze the different possible operation scenarios
in the migration phase and therefore anticipating and assessing the subsequent
risks. The aim of this work is to offer to decision makers a complete model of the
line that allow to test different operation strategies during the phase where fully
automatic trains and conventional manually driven trains will run together on the
line, their performances and their capacity to adapt to technical, organizational
and environmental disruptions. This model takes into account all the technical
elements that are part of the control chain of trains movement’s command, such
as infrastructure, traction power supply, signaling, rolling stock, all in nominal
and in all identified possible failure modes. The simulation is focused on the
optimization of the operation, on the risk tolerance in cases of human or
technical failure. Graphical user interfaces are developed for any potential user
(engineers, trainers, and operators), the model being used as a validation but also
as a training tool.
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2 Line 1 overview

Line 1 presents the following characteristics:

- Length: 16.6 km

- Number of stations : 25 (23 underground stations)

- Number of trains : 52 (6 cars — 90 m, rubber tyres rolling stock/ third

rail power supply)

- Headway : 105 sec

- Trip time: 76 min

- Capacity : 23.500 pas./hr/direction

- Commercial speed : 27.4 km/hr
One of the decision key elements for choosing line one to be equipped for fully
automatic operation is the high request for adaptability and responsiveness of the
transport offer.

An essential central axis of the common transport in the lle de France region,
Line 1 is extremely sensible to the demand variations because of its many
connections and the areas that it crosses. The analysis of its traffic shows that in
spite of a satisfactory average offer, line 1 does not respond to the travelers’
requests and does not offer the expected service. We observe notably a particular
overload during the rush hour, off-peaks hours, weekends and holidays

Its traffic is the most important in the subway network with an average of
725.000 trips per day and 207 million trips per year.

The screen doors, a complementary element of the automation avoid all the
severe and serious travelers’ accidents: falls on the tracks, suicides..., also
frequent on line 1 and enhance the line regularity. Figure 1 represents the
distribution of delays due to passengers based on 2003 data.

Others

suspect na;gs,!

pickpocket m screen s!ggw
hand jammed 31%

69%
Serious accidents (29%)
Alarm signal (25%)
Passenger on tracks (8.8%)
Object on tracks (3.9%)
Alarm short-circuit (1.3%)
Fall between carviage and platform (1.2%)

Figure 1: Distribution of delays due to passengers (last updated in 2003).

3 Overview of the present safety management of the traffic

The safety process is already identified for a conventional line such as Line 1 and
for a driverless line such as Line 14. For each case of irregularity, accident,
incident... specific regulations are to be followed and safety measured are to be
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made according to the regulations in order to minimize and if possible to avoid
the negative consequences. Each time an agent notice an incident or an
irregularity on a train, on a fix installation or in a station that disrupts or risks to
disrupt the operating, he must inform and warn immediately the operator in
charge at the OCC with all the useful details.

The operator in charge at the OCC, informed of an incident or an irregularity,
take the necessary measures. In case of a driverless train, he is also kept
informed by the specific alarms of incidents, irregularities occurred in the fields
managed and supervised by the SAET.

The agents as soon as they are informed of the incident announce their
presence to the chief operating manager who coordinates their intervention. He
gives all the useful indications to the drivers and the station agents in order to
inform the travelers.

3.1 Definitions

3.1.1 Carrousel

The carrousel manages the movement of the trains in the parking zone. It is
defined by an entry position, an exit one and by the intermediate places between
the two extreme positions. When a train penetrates the carrousel from the entry
position, it is moved automatically from a parking place to the next one in the
carrousel until it reaches the first unoccupied place. This recent technique,
already applied on line 14, and compared to the traditional train movement
management in the garage zone, has a benefit in saving time on operational basis
inside a terminal.

3.1.2 Priority table

The priority table is a table that indicates on daily basis of service the different
positions of the garage existing in the terminal. It gives for each position a
certain priority used to determine the sequence of the parking mission. The
priority table allows defining the type of the trains. In this table and for each
simulation, we define the initial occupation state of the places in the garage, the
number of equipped trains and non equipped trains present in the terminal and
the rest of line 1 and their directions. A train is assigned a unique identity
number. This number is determined in the priority table.

3.1.3 SAET architecture
The SAET architecture represented in figure 2 is a recapture of the OURAGAN
architecture. The SAET is composed of the following technical modules:

- Modules of sector treatment which make it possible to safely manage
the trains running. They are composed of sets of two calculators
DIGISAFE in hot redundancy.

- Onboard treatment modules which make it possible to command the
rolling stock. They are also composed of sets of two calculators
DIGISAFE in hot redundancy. (Digisafe is a safety architecture for
critical numeric applications, based on the coded monoprocessor
principle. Following that principle a single processor manipulates coded
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variables and is therefore able to detect, on line and in real time, its
possible errors (consecutive for example to hardware failures or
perturbations from the environment) and in that case to act conveniently
(going to a safe state by cutting off the power supply of the safe outputs,
leading in general to stop the trains in the concerned zone.)

- Track negative detectors that detect a trespassing of a shunting signal in
the stop position

- Input/Output modules allowing the SAET to interface with external
systems.

- Data transmission system as a transmission vector between the different
equipments of the SAET. It is composed of a double ring computer
network and a radio transmission allowing the communications
onboard/ground based on a product line used within the framework of
the projects of New York, Barcelona and OURAGAN line 13

- The server of the maintenance help system

- The traction logic made out of relays of NS1 safety level (NS1
(Signalling Relay) is a design technique for safety relays, making it
impossible to remain (consecutively to a failure) in the excited state (for
example the return toward the desexcited state is ensured by gravity
instead of a spring). The desexcited state is therefore designed to be the
safe state (leading in general to stop the trains.)

- The OCC is composed of an operation room, a technical room and a
training room that includes all the necessary hardware needed to
simulate the traffic of the line and to replay real recorded situations.
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Figure 2: SAET architecture.

3.1.4 Space-time principle

A strong constraint of the traffic management is taken into account in the present
Line 1 model: an equipped train is not allowed to run in a zone where agents are
present on the tracks. Conversely, the access on secondary tracks is denied to
drivers when an equipped train is detected in the related zone. In other words, an
equipped train and a non equipped train cannot be present in the same place at
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the same time. On the other hand, they can occupy a same place but at different
moments. This principle is known as space-time principle.

3.1.5 Timetable
The timetable is the daily plan of missions by which the train service is required
to operate which can be selected prior to the start the operating day.

3.2 Overview of the trains running management in case of a conventional
line

The line operating is normally checked and supervised by operators known as
“chief operating managers” at the operational control centre (OCC).
The monitoring and the responsibility of the trains running as well as the
definition and the implementation of the measures to make in case of incidents
rest on:
- the chief operating manager and if necessary on the manager(s) of the terminals
in case of a line managed by a modernized OCC
- in case of the other lines: on the chief operating manager for the line and on the
chief departure manager for the terminals.
The coordination is managed by the chief operating manager.
In case of an incident and in the case of a line managed by a modernized OCC,
the chief operating manager, if necessary the terminal manager(s) coordinates the
terminals agents’ tasks and decides of the measures to take in order to ensure an
optimal service and to absorb the delays comparing to the normal basic schedule.
In the other cases, the chief departure managers coordinate the terminals
agents’ tasks. The chief departure manager, in constant communication with his
homologue in the opposite terminal, decides of the measures to take in order to
ensure an optimal service and to absorb the delays with regard to the original
schedule.
In case of an incident, the chief operating or departure manager can, if
necessary cancel one or many trains or modify a mission.

3.3 Overview of the trains running management in case of a driverless line

The line operating is normally controlled and checked by the SAET equipments
and supervised by operators known as “OCC chief supervisors of operation” at
the operational control centre (OCC).

The monitoring and the responsibility of the line operating, the trains running,
the supervision of SAET equipment and the information to the travelers as well
as the definition and the implementation of the measures to make in case of
incidents rest on the OCC chief supervisors of operation.

The coordination is managed by the OCC chief supervisor of operation that
fulfils the functions of the incident chief.

He decides also of the measures to take in order to ensure a booked stop and
an optimal service and to absorb the delays comparing to the normal basic
schedule.
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In case of incident (obstacle detection ...) interrupting the line examination, the
OCC chief supervisor of operation asks for a driver intervention on the train
board.

The OCC chief supervisor of operation, according to the information given by
the driver:

- Either authorizes the automatic train operation for the rest of the trip
while the driver stays onboard till the end of the trip.
- Or orders the manual train driving for the rest of the trip.

When the deterioration is perceptible, the OCC chief supervisor of operation
asks the intervention of a qualified agent from the concerned technical service to
check the concerned area.

The line examination being done and the potential incidents being solved, the
line operating is then authorized.

The regular trains are put in service, automatically by the SAET, in
accordance with the daily operating program.

A train needs a mission in order to move. The mission defines the trip and the
tasks to be done by a train.

The management of these missions is ensured by the SAET from the OCC.
These missions are normally chained.

4 Results

The specific safety regulations are not yet defined for the transitory phase.
Therefore RATP is developing a software tool that allows the simulation of the
traffic of line 1 in the present, the transitory and the target phase, in order to
determine the safety measures for this phase without disturbing the service.

The results made so far are the development of the train based on the
specifications of [4] and of the traffic of the two terminals of Line 1. Grande
Arche de la Défense and Chéteau de Vincennes based on the specifications given
by [2, 3, 5].

4.1 Train development

4.1.1 Brief description

The main functions of a train are the traction, the braking and the service to
passengers. It is composed of six cars, four of them are central driving cars (N)
and the other two are trailers (S). In case of an ET, a trailer has a control panel.
In the other case, it has a control cab. The train model developed is composed of
the dynamic model of the MP89 coupled with the feedback control loop. This
loop helps the train to calculate his position, velocity and acceleration while
taking into account the values of these outputs at the previous moment. We
calculate the train position by simple integration of the velocity while taking into
consideration the traffic direction. The dynamic model of the MP89 is based on
the resolution of the differential equation of the train movement for given
characteristics of the line and the rolling stock, by analyzing the forces that
appear at the rail-wheel contact. Consequently, the speed and the acceleration of
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the train are known. By simple integration the speed and by taking into account
the traffic direction, we determine the train position. The train feedback
performances are identical for the future driverless train of line 1 (MP05) and the
present conventional train (MP89), except the driver reaction times in case of a
MP89. It is taken into account when the driver changes his control cab in order
to change the train direction (30 seconds approximately) and it is higher than the
reaction time of a MP05 (2 to 3 seconds). An initialization phase is launched at
the beginning of each simulation. It provides to the train the needed input
parameters as well as the line 1 characteristics such as the declivity of the two
main tracks and the speed limits implemented throughout the line in the two
directions. These speed limits are not identical for the MP05 and the MP89. The
train load (from 0 to 10 passengers/m?) is indicated also before each simulation.
It characterizes the travellers flow in the terminal for a given schedule. The user
will define the maximum capacity of the travellers in a menu. In the present
train model, the defined capacity is 722 travellers.

4.2 Development of the traffic

Figure 3 gives an overall architecture of the terminal model and his environment.
It is a structured architecture composed of six main blocks.

Scenario 1 ; Visualization

Scenario 2 Batch ’ Gul
Scenario 3 Model

Interactive
Result GUI
files
Figure 3: Terminal model structure.

Model is the central unit. Coded in Matlab/Simulink, it is responsible of all
the basic operations. At the end of each simulation, two result files are generated.
The first contains all the events already appeared in the GUI. The second gives
more detailed information about the missions, the routes management and
presents a summary of the delays of each train. The simulation reports in real
time the position of the selected train, its type; its kilometer point, its velocity, its
mission and the value of the delay. The visualization GUI displays also the
significant events that happen during the simulation such as delays, train
blocking situations, perturbations created, simulation hour and zone violation.
This last point is based on the space-time principle defined above. The
interactive graphical user interface offers the possibility to inject perturbations in
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real time and to combine them in order to create a complex degraded situation.
We can create a perturbation by affecting a delay to a selected train or by forcing
a train to stay at the station. We can also reverse the type of a train either through
the MMI at every moment or through the timetable. We can also order a train
parked in the garage to come out from its parking or its reserve position. We can
also stop or move a train and restrict a track zone to be accessed by a MP05 or a
MP89. We can modify the trip plan of a train by changing its missions, by
inserting perturbations or by entering new missions. Equipments can be forced to
stay in a predefined state (occupied track circuit, blocked crossings and switches,
non functioning light...). When the train achieves his current mission, it goes
into a no mission state where he waits for a new mission. When a new mission is
assigned to a train by the operator from the MMI, it is taken into account only
when his current mission is over. The pre planned following mission is cancelled
automatically when the new mission is taken into account. Scenario is an Excel
file composed of two major parts: the priority table and the timetable. The
second part of the Scenario file is the timetable. In this timetable, the user
assigns a schedule plan to the trains present in the terminal and the rest of line 1.
The schedule plan is the sequence of the missions given to a train that it shall
follow during its trip to the opposite terminal. In the terminal Chéateau de
Vincennes, we find a train washing machine that we can activate through the
timetable. Batch is an excel file that offers the possibility to launch a series of
simulation, to record the results, to reduce the parking time at the station and to
activate the carrousel.

£ RATP - Simulation du terminus Chateau de Vincennes
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Figure 4:  Visualization of the terminal Chéateau de Vincennes animated by
the trains running.

5 Conclusions

The actual Line 1 model allows separately the simulation of the traffic of its two
terminals: Grande Arche de la Défense and Chéateau de Vincennes, by
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considering the rest of the line as a black box. Figure 4 is a visualization of
Chéteau de Vincennes animated by the trains running.

This model is currently being completed by inserting the rest of the stations. It
will also take into consideration all the future improvements and modifications
made on line 1 infrastructure and on the rolling stock.

6 Outlooks

In 2011, line 1 shall be entirely automated

- July 2007: start of the reinforcement work of the platform edge coping

- January 2008: start of the installation of the screen doors

- May 2008: delivery of the first MP05 to the centre of railway tests in
Valenciennes

- July 2008: delivery of the first train for commissioning

- January 2009: Commissioning of the OCC version manual train driving

- July 2009: Commissioning of the OCC version train manually
driven/driverless train

- August 2009: Commissioning of the first driverless train and start of the
cohabitation period between driverless trains and trains manually driven
running on the same line.

With a delivery rate around 2 to 3 trains per month, line 1 shall be entirely and
completely an automated operation in February 2011. The RATP then shall be
among the firsts in the world who has carried out and has accomplished the
conversion of a conventional subway line into an automated operation without
traffic interruption.
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Abstract

This paper presents an appraisal study concerning the extension of the main
railway line between Copenhagen and Ringsted by use of a software system
named COSIMA-DSS. The modelling system is based upon a
multi-methodological approach combining a cost-benefit analysis together with a
multi-criteria analysis. One of the key impacts in cost-benefit analyses is the time
benefit which depends on the timetabling. The paper describes some of the
challenges related to the calculation of the time benefits and how the time
benefits can be implemented in the decision support system. At the end of the
paper, results from the calculations using COSIMA-DSS are presented and
discussed on the basis of a newly developed Danish manual on transport
appraisal.

Keywords: timetabling, queuing time, value of time, Decision Support System,
cost-benefit analysis.

1 Introduction

Due to congestion it has been planned to increase the capacity of the main line
between Copenhagen and Ringsted since the beginning of the 1990s. There are
two different strategies to deal with the increase of traffic between Copenhagen
and Ringsted, i.e. two more tracks along the existing railway line and a new
railway line with a new layout cf. figure 1.
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Due to increased traffic over the recent years, running times of the trains have
been prolonged to obtain more capacity meaning longer travel times. The
increase in time for the fast trains is significant, cf. figure i.e. on some travel
relations the increase in time is up to 20% of the running time.
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Figure 1: Fastest travel time with regional train from Copenhagen [11].

The decision whether to implement the new railway line or the extension is
up to the decision-makers, in this case the Danish Government. However, by
building a so-called decision support system (DSS), decision-makers can get
“assistance” in making the best and most profitable choice from a societal point
of view. It is necessary to stress that a DSS is not a correct and final answer to
the problem it is merely assistance to the decision-makers.

2 Time benefits

In 2003 the Danish Ministry of Transport developed a set of guidelines on
evaluating transport infrastructure projects [12]. When evaluating infrastructure
projects using the Danish manual, the main impact group is the time benefits
which in the evaluation of roads can make up a share in the range of 70-90% of
the total benefits [7]. Therefore, it is important to make the correct assessment of
the time benefits hence using the same guidelines in all transport projects for
comparisons.

In schedule-based public transport systems, the time benefits can be divided
into several elements — e.g. waiting time, transfer times, time spent in the vehicle
and delayed time. Passengers consider each of these time elements differently
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and several studies have therefore been carried out to evaluate these [1]. For
instance it feels worse to be delayed than to spend time in the vehicle — therefore,
delayed time has a higher time value than ordinary travel time in the cost-benefit
analysis (CBA).

The present timetable for the railway line between Copenhagen and Ringsted
has been developed, adjusted and improved over time. In this sense it is difficult
and time consuming to plan an optimal timetable for a new situation with an
alternative infrastructure. It is, however, important to plan the best possible
timetable to achieve as much time benefit for the passengers and freight as
possible. In addition to the previously mentioned time aspects, two other key
elements should be taken into account, namely the queuing time between trains
and the timetabling. These impacts are highly relevant when evaluating public
transport systems; however, they are not applied in the manual.

2.1 Queuing time

The queuing time is a time element in the appraisal study worth noticing.
Queuing time on railway lines occurs when the traffic intensity is close to the
maximum capacity level due to e.g. mixed operation (slow and fast trains). When
close to the capacity level, the operation speeds of the fast trains must/will adapt
to the slower trains cf. figure 2. This will increase the travel time for trains that
under free conditions could run at higher speeds.

U
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Figure 2: Extended running time (queuing time) due to other trains on the
railway line.

The queuing time for the fast trains on the railway line between Copenhagen
and Ringsted are significant, cf. figure 1. For some travel relations the queuing
time is up to 20% of the running time.

Traditionally the queuing time is calculated as ordinary travel time for the
passengers. However, it can be argued that the travel time should be divided into
minimum travel time (including relevant time supplements) and queuing time.
Furthermore, the queuing time should be assessed as a delay since the train and
thereby the passengers are delayed due to other trains, even though it is a
“scheduled delay”. Whether the queuing time is calculated as ordinary travel
time or delayed time, it has a great impact on the result, since normal delayed
time are weighted twice as much as the ordinary travel time (for commuters 59
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DKK vs. 118 DKK [12]). The queuing time is an important factor particularly
when making the timetables as illustrated in figure 2.

2.2 Timetabling

Calculating the time benefits only by use of the traditional CBA can result in the
paradox that a well-planned timetable gives a worse societal impact than a
sloppily planned timetable, when for example an extension of a railway line is
proposed. This paradox is due to the lower socio-economic cost of travelling
when the queuing time is considered as ordinary travel time (Scenario 1) instead
of delayed time (Scenario 2) which will occur when the queuing time is not
taken into account, cf. table 1. In the future scenario (Scenario 3) a time cost per
passenger is evaluated to be 1,188 DKK. Comparing the future scenario with the
two basis scenarios the sloppily planned timetable actually performs better than
the well planned timetable from a societal point of view.

Table 1: Traditional calculation of socio-economic time costs.
Scenario 1 | Scenario 2 | Scenario 3

Minimum running time (min) 32 32 32
Queuing time (min) 10 0 0
Travel time (min) 42 32 32
Delay (min) 0 10 0
Time costs per passenger (DKK) 2,478 3,068 1,888
Difference future vs. basis 590 1.180 -

Converting some of the mentioned aspects into larger scale is always a great
challenge especially as the infrastructure or timetabling is changed and often not
known. The next section introduces the time aspect as it is calculated in a large
scale network.

2.3 Time benefits in large scale networks

The time benefits can relatively easily be calculated for the existing timetable on
the existing infrastructure e.g. table 1. It is, however, much more complex to
calculate the time benefits when the infrastructure and/or the timetable is
changed. The increased complexity of calculating the time benefits is due to the
uncertainty on how the infrastructure and/or the timetable will look in the future.
Often more than one scenario is worked out and thereby also different candidate
timetables. Since it takes a long time to create a timetable, the timetable is often
only worked out for an analysis area. However, it is necessary to take the
adjacent lines into account too because of the limitations of these line sections —
the so-called network effects [3, 4, 6] If the network effects are not included,
only the local time benefits are examined. When the network effects are
examined benefits from the rest of the railway network are included in the
analysis.
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If a candidate timetable is only worked out for the analysis area it is not
possible to calculate the time benefits precisely. One of the most difficult time
effects to calculate is the queuing time. Previous studies on the queuing time
[3, 4] have shown that the influence of the network effects can be significant for
the queuing time.

The importance of the analysis area, and thereby the influence of network
effects, can be illustrated by calculating the queuing time for both the whole of
East Denmark and the analysis area only. The results are then made up as
average queuing time per train km, as the 3 main alternatives do not include the
same number of train departures. The results appear from table 2.

Table 2: Queuing time in the Copenhagen-Ringsted project [3, 4].

e Basis | Extendedline | New line
(Queuing time in minutes per train km)
Whole East Denmark 0.042 0.048 0.057
Only the analysis area 0.033 0.046 0.033
Analysis area in o o o
proportion to East DK 9% 96% 58%

In both the basis and in the new line scenarios it is seen that the queuing time
drops considerably, if it is only calculated locally as opposed to a bigger part of
the network. An isolated local examination will therefore underestimate the
queuing time when the project is seen in connection with the rest of the railway
network.

In the extended line scenario with 4 tracks between Copenhagen and Ringsted
the bottlenecks are now found on lines further away from the analysis area. This
also reflects the amount of queuing time which is more or less the same — 96% of
the queuing time per train km was found in the analysis area. In the extended line
scenario there is therefore balance between the traffic and the infrastructure.

The queuing time analysis shown in table 2 indicates that the capacity
conditions are underestimated when effects are only analysed locally.
Furthermore, the results of the queuing time analysis shown in table 2 shows that
it is important to include not only the analysis area but also the adjacent railway
lines in the analysis of timetable scenarios since the queuing time otherwise
might be underestimated.

Evaluating the Copenhagen-Ringsted project is especially difficult due to the
previously mentioned time aspects. Further studies are necessary, especially
when it comes to more widely applied effects e.g. network effects, queuing time
and timetabling. These impacts are not yet applied in the Danish manual hence
they are defined as strategic impacts. It is proposed to apply a multi-
methodology approach [8] both combining the conventional cost-benefit analysis
(CBA) approach with a more widely multi-criteria analysis (MCA) approach.
The first step is to see the problem as a system and hereby model the various
strategic elements within the system in a more qualified way — this leads to a
systematic approach/assessment e.g. the multi-methodology approach.
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The following section brings an overview of the applied multi-methodology
approach together with the core impacts applied in this paper. Furthermore, the
strategic impacts will be discussed as they are considered relevant for the
Copenhagen-Ringsted railway line. Finally, all the effects are applied and
evaluated in a socio-economic analysis.

3 The appraisal framework — COSIMA-DSS

The COSIMA-DSS (COmposite Model of Assessment-Decision Support
System) model consists of two different modules brought together in the main
module developed in Microsoft Excel [9]. The system shown in figure 3 gives a
brief overview of the module structure of the model.

CBA-module
Monetary Impacts
(Travel time savings etc.)

[
4
MCA-module

Non-Monetary Impacts
(Strategic Impacts)

! oo :

Results s Results 1
Paint estimate 1. R?;kcmmgs L | Interval estimate — B/C-rates |1
(deterministic) Yy (tochastic) |

Figure 3: ~ Main structure of the COSIMA-DSS model.

The left box consists of a so-called Value-Analysis module combining the
traditional cost-benefit analysis (CBA) with the wider multi-criteria analysis
(MCA). As shown in figure 3 the CBA module is of monetary character whilst
the MCA module is of non-monetary character, in this case consisting of the
previously mentioned queuing time and other strategic impacts as explained
earlier. These different impacts (CBA and MCA) are combined in an Excel
based model named COSIMA, determining a point estimate or rate of return, in
this case by a benefit-cost ratio. The second box (on the right) is defined as the
stochastic part that deals with the uncertainty present in all project appraisals.
The uncertainty handling is performed by a Monte Carlo simulation which
facilitates a complex analysis of the importance of uncertainty regarding some
key input parameters. Furthermore, the project appraisal will have a more
transparent perspective showing the degree of uncertainty for each element in the
analysis ending up with an interval estimate as probability distributions [5]. In
the following the deterministic box is applied to the Copenhagen-Ringsted
framework. Recently, the stochastic modelling framework is not yet applied;
however, in the future studies the stochastic calculations will be developed and
implemented.
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3.1 The CBA module

The basic principle in the COSIMA framework is the cost-benefit analysis
(CBA) which is based on the assumption that society’s welfare is measured by
the preferences of each individual and their presumed value [1]. CBA is
traditionally used in Danish appraisal studies when it comes to infrastructure
investments, however, in the public transport sector appraisal methodology is not
widely applied. This is due to the complexities involved in the determination of
the different impact groups and “actors”. Traditionally, the main input in a socio-
economic analysis is the travel time savings, in evaluation schemes towards a
railway line, this is only partly the case as several actors are involved, both
operators and providers having to benefit from a new infrastructure investment.
Furthermore, the strategic impacts such as the queuing time are important in
order to make the overall performance of a railway network investment feasible
as described in a previous section.

In the case of the Copenhagen-Ringsted railway line it is clear that by
creating a new line or extending the existing line, the travel time will decrease
meaning that the users will benefit from shorter travel times. Hopefully the
operators will gain from an increase in travellers resulting in higher revenue and
the providers will benefit from more travellers resulting in higher taxes etc. In
figure 4 are the different impact groups together with their corresponding
“actors” illustrated together with the benefit and cost groups.

Monetary impacts:

CBA
TRAIN INFASTRUCTURE
ACTORS { USERS OPERATORS PROVIDER
Travel time savings:
- In vehicle EXIQ”‘S' Effects: - Ticket Revenue - Charges
- Waiting time - Noise B N A
BENEFITS N Transfgr e,  Local airpoliution Rolling Stocks Taxes

- Hidden waiting time - Accidents
- Delays /

Costs:
COST Investment costs ~ ——»| Valug — - System operating and maintenance costs
calculation N y
- Train operating costs

ASSESSMENT { Inspection and assessment of calculation results

relating to individual projects and impacts

I

CRITERIA'S Results:
Rate of return as point values

Figure 4: Flowchart on the different monetary impacts applied in the
COSIMA-DSS model.

In the appraisal phase of the study, one general objective for the transport
sector is to strengthen the competitiveness of the public transport as compared to
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the road sector. This should be done via different secondary objectives such as
high service frequencies, low travel times, high service reliability, high comfort
and good transfer possibilities to other transport modes (intermodality). These
different groups are in some sense incorporated within the travel time savings,
however, the CBA requires that all relevant impacts of the project are assigned a
monetary value. In the case where different time impacts need to be taken into
account these should be considered as well in the decision process. Various
impacts considered of a strategic nature — e.g. long term environmental impacts
or economic impacts can be difficult to quantify and thereby apply a unit price.
In this sense a multi-criteria analysis (MCA) can help the decision-makers to
apply these more strategic impacts in the evaluation scheme. When combining
the CBA and MCA, a multi methodology assessment of the railway line is
possible, in this case resulting in a benefit-cost ratio.

3.2 The MCA module

The multi-criteria analysis makes use of the well-documented AHP (Analytical
Hierarchy Process) approach to pair-wise compare the various impacts [2, 10].
Applying the pair-wise comparison makes it possible to assign a monetary unit
to the MCA impacts even when quantitative ratings are unavailable. The
different alternatives are assigned a score for each MCA impact and then the
three MCA impact are compared in a software system named Criterium Decision
Plus (CDP) by the AHP procedure [5], see figure 5.

Cost-benefit analysis
70%

GOAL: - - - —
Evaluation of Cph-Rg. Q”egq%;'me- Newline beot‘/g\"eezen Cph.-Rg.:
100% - .
Multi-criteria analysis Mobility (In network):

30%

Extension of railway line:
0.740

Timetabling:
0.073

Figure 5: Model rates for the AHP procedure within CDP.

The output from the CDP is a set of normalized ratings of all the impacts
which are transferred back to the CBA-module. The MCA impacts are then
assigned a monetary value based on the comparison made in CDP. In this
preliminary appraisal scheme it is assumed that the MCA counts for 30% and the
CBA 70% of all evaluated impacts. The strength of the pair-wise comparison is
that it allows or incorporates the decision-makers in the overall decision process.
In discussion with the decision-makers it has been decided that three
non-monetary effects should be taken into account, namely the queuing time, the
timetabling and the mobility concerning the large-scale network cf. figure 5. The
procedure is then to make the evaluation pair-wise considering all possible
combinations between the three impacts. Finally, the two outer right boxes of the
figure shows the preliminary ratings of the railway line — in this case it is the
new line alternative which is merely better than the extension alternative.
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3.3 Deterministic results

By use of the methodology developed by the Danish Ministry of Transport [12],
the B/C-ratios for the conventional CBA have been calculated as the bottom
column in figure 6. It is clear that the ratio for both alternatives is below 1.0
which means that none of the proposed alternatives are socio-economically
feasible. However, as a result of the previous weighting schemes new
calculations are performed to achieve total rate of returns (TRR) comprising both
CBA and MCA.

Total rate of return

140

TRR = 1.27

170 4

100

TRR = 0.95

(]
mMCA

ECBA

TRR

050 4

040 1

ozo

000 -

New Line Extension

Projectalternatives

Figure 6: Graphic representation of a COSIMA-DSS calculation.

The COSIMA-DSS evaluation of the Copenhagen-Ringsted railway line
shows that by assessing only two different alternatives the new line situation
gives the best overall performance. Further development of the modelling
scheme will be implemented as more alternatives are suggested.

Traditionally, evaluation methodology consists only of a cost-benefit analysis
hence the bottom part of the columns shown in figure 5. However, none of the
two ratios receives a positive rate of return which further concludes that the
justification of implementing multi-criteria analysis is in order.

4 Conclusions

This paper has presented some of the challenges related to the calculation of time
benefits on railway lines for socio economic analysis. It has been shown that the
scheduled travel time for the passengers can be divided into minimum running
time (including relevant supplements) and queuing time.

Furthermore, the paper has shown that the queuing time is difficult to
calculate for future scenarios due to unknown timetables and network effects on
large scale networks.

To deal with the difficulties of calculating time benefits the paper has
presented a newly developed decision support system, COSIMA-DSS which
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aims at assisting decision-makers in the appraisal of transport infrastructure
project investments. The variety of different features embedded within a CBA
and MCA approach makes it particularly useful for addressing complex
transportation decision problems. COSIMA-DSS gives the decision-makers a set
of tools relevant for planning and assessment of project proposals where a
conventional CBA will be too narrow a methodological approach. Further model
work and more comprehensive case studies will seek to demonstrate and validate
the COSIMA-DSS approach.
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Abstract

Network performance in general - and in the computing and telecommunications
areas in particular - is a topic of major interest. Much of this research is not in
the public domain, but this is beginning to change as international research teams
become aware of common problems and issues. In any event, rail systems have
certain special characteristics which limit the transferability of general network
methods to rail problems or which require additional work to develop relevant
interpretations and implementations for use in railway systems analysis. The
paper presents results of a research project aimed at developing decision support
tools for assessing rail network performance and reliability.

Keywords:  rail transport network, network reliability and vulnerability,
congestion, delay.

1 Introduction

When analysing network performance an integrated approach considering
network infrastructure, operation and transport demand is essential.

The capacity of the transportation network can be evaluated by various
measures such as the travel times and the extent of congestion. Network flows
are influenced by abnormal events that affect network characteristics and
capacity, like disasters, accidents, construction or repair. ldeally, networks
should be designed so as to cope with normal fluctuations by offering alternative
paths, but planning for abnormal events is much more difficult.

In systems engineering, reliability may be defined as the degree of stability of
the quality of service which a system normally offers. In the face of increasing
user demands for high levels of service, system reliability is becoming
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increasingly important in the planning, construction and operation of
transportation networks.

2 Model rail systems as formal networks

The rail transport network is a complex system made of numerous elements with
functions determined in the transport process. The description of the rail
transport network cannot be limited just to its elements; similar to other complex
systems, its structure is very important. The concepts of graph theory are used to
formalise the structure of the rail transport network.

The transport infrastructure network can be presented as a graph (K, D), with
K nodes and D arcs. The nodes of the network are just those points from which
diverge or to which converge at least three arcs, and in which it is possible to
transfer from one arc to any of the other two. Both arcs and nodes are
characterised by certain attributes which can only be defined in correlation with
the characteristics of the transport means they were designed for. Each arc (paths
of the network) can be made of one or more homogenous sections characterised
by length, and maximum, respectively minimum speed the transport means can
operate.

1
1
!
| complex node 3
!

K ={,2,34}

D ={(1.2),(21).3).(31).(23).(3.2).(2.4).(42).(3.4).(4.3)}
a). Initial graph (node 3 is a complex node) b). Complex node 3 transformed in simple
nodes and corresponding links (arcs)

K ={1,2,4,31,32,34}

D= {(1,2), (2,0),(1,31),(311),(2,32),(32,2),(2,4),(4,2),(4,32),
(32,4),(31,32),(32,31), (31,34), (34,31), (32,34), (34,32)}

c). Modified graph

Figure 1: Obtaining the modified graph of the network.

The transit times cannot be neglected. These nodes, with their significant
transit time are considered as being complex nodes. Figure 1 presents an
example.
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3 Particularities of rail transport networks

3.1 Basic principles

On the relatively simple graph of the network the set of paths (itineraries) which
link any two nodes could be indicated. In describing the network the choice of
nodes and arcs is essential. Different problems require different degrees of detail
regarding the technical state of the network. Some examples of problems to
address are: planning economic transport links, freight transport; planning links
between urban concentrations, passengers transport; distribute traffic between
transport nodes; determine traffic intensity on the sections of the network;
planning investment works to increase transport capacity; evaluating resources
use to accomplish the forecasted transport task; planning the technical and
economical operating indicators of the transport mode and transport system as a
whole.

3.2 Structure and contents of the information on the technical state of the
rail network

The way the information is organised influences its efficient use for solving
concrete problems. In selecting the organisation of information one has to bear in
mind that certain parts of the information have to be easily accessible and partial
modifications should not require the radical restructuring of the whole system.
Thus a hierarchical structure of the information is preferred. For the rail network
a three level hierarchical structure is recommended (see Figure 2).

Network topology (relationship between arcs and nodes)

Structure of network’s nodes and Structure of network’s arcs and
technical parameters of technical parameters of
the objects placed in the nodes the objects placed on arcs
Stations Points for Points for
P technical service technical service
T a
7 . : w T ints
r ¢ w Link lines urn point
e Y Loco Ll oa within he etwork bl I for local
i a n depots ] sections ° trains
r n n g node ¢ g
91 4 i g ¢ 0 0
h [ o
t ¢ e s n s n
a r s s
! S
Figure 2: Structure of the information on rail network state.
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The first level (superior) of information characterises the whole rail network
and contains the list of arcs and nodes and the table of correspondence between
them.

The second level of the hierarchic structure comprises information about the
managed objects and the interactions between them. It refers to the objects in the
nodes. Depending on the type of problem to solve different level of detail on the
transportation process is necessary. The nodes of the network generally have a
complex structure. One can identify in their structure two types of elements:
objects and links between objects. In various transport models just a part of these
objects is involved. For example, information about the location of the freight
stations is necessary for the detailed evaluation of the material and financial
expenses of the transportation operations. Technical stations and yards are
included in the models of train formation on the network. The location of
passenger stations and technical passenger stations is necessary to describe the
passenger trains operation. Information on depots, locos and driver rosters are
necessary to evaluate locos and drivers activity.

The third level of the hierarchic structure comprises information on the
constructive parameters of the objects. The structure of the parameters allows the
most synthetic characterisation of the objects: transport capacity and the cost of
technological operations. To solve some planning problems, other characteristics
might be necessary as well. Thus, in time the structure of the parameters
changes. This means that the form of presentation of the information at the third
level has to allow for changes.

4 Reliability of the infrastructure networks

As part of the transport infrastructure, the transport network, similar to other
technical infrastructures of the society, can be formally represented by a
nonplanar graph with nodes and arcs.

The calculation of reliability between two nodes of the network (connectivity
property) is very complex for large networks due to the multiple links (Dupuy
[1]). Various mathematical and heuristic models have been developed, and also
computer simulation (Bell and lida [2]). The commonality of all these methods is
the fact that in order to establish the probability of having a link between two
nodes a structure function is used

1, if nodesare linked

D(X)= )
0, if not

where X =(x,,x,,..,x,) iS a vector with its components representing the

operational capacity of different arcs (considering the nodes are ideally operating
or that their failures are transferred to the incidental arcs) which represent the
link between the points considered, respectively

_|1,if thearcis operational,
10, if thearcis not operational.
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Bell and lida [2] demonstrate that any network can be formally represented
with the aid of paths and minimum sections. By path we understand the
succession of arcs which ensures the link between the initial and final point, and
by section the combination of arcs which when removed from the network
causes the interruption of the link.

The minimum path is that path in which the failure of any of the arcs leads to
the interruption of the link.

Each minimum path, A, can be related to the functionaj(x): N x, which

[EA/
takes the value 1 if all the arcs of the minimum path are operating normally, in
other words if for all i € A/. the condition x, =1 is simultaneously achieved.

The minimum section is that section for which the rehabilitation of the
operational capacity of only one arc leads to the rehabilitation of the operational

capacity of the whole network. Each minimum section B, can be related to the
logical function B, (x): Ux,» which takes the 0 value if all the elements

i€eBy
belonging to the section fail, and takes the 1 value if at least one element is
operating normally.

In general, the network can have several paths and minimum sections. Any
network can be represented as a parallel connection of minimum paths or a serial
connection of minimum sections. It could be that in a network one and the same
element appears in two or more paths or minimum sections. In other words,
some minimum paths or/and sections are dependent. This means that network
reliability cannot be calculated based on a mathematical model built on the
independency of events hypothesis.

It is however possible to evaluate the maximum and minimum limits of the
probability of operation without rejection for any size network, with

1{1[ QPJ>P[@ ]H{ e } ()

where P is the probability of operation without rejection of element i (e.g., in

the transport network case, the number of daily hours without congestion divided
by the daily hours the arc of the network is open to the traffic),

Q — number of minimum paths,

S — number of minimum sections.

It can be demonstrated Raicu et al. [3] that in order to simplify the
calculations with expression (1) is possible to eliminate the minimum paths and
sections with a great number of elements, without substantially altering the
precision of the result.

The methods used to evaluate network reliability (irrespective of the nature of
the flows) are different from the methods used to calculate the reliability of
products. Transport networks, as oppose to telecommunication networks for
example have few essential particularities. Some of these particularities are
presented hereafter.
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5 Particular aspects of transport network reliability

5.1 Reliability in relation to connectivity

The particularity consists in that the effects of congestion on the basis on which
the good operation probabilities of the arcs are estimated are also sensed in the
nodes of the network affecting the qualitative indicators of transport (time,
security, regularity).

5.2 Reliability in relation to capacity

It is defined as being the probability of a transport network to ensure the
successful transfer (according to the estimated indicators) of the assigned traffic
flows, even when one or several arcs of the network have lost their functionality.
It assumes that the reserve of capacity for each arc remains greater than the
temporal non-uniformity of the traffic flow or, in a different formulation, or in
fact in a different hypothesis — the loss of capacity due to the partial functional
degradation of the network cannot be greater than the reserve of capacity.

This characterisation of reliability is necessary to evaluate the transport
network. With respect to connectivity the network can ensure the link for any
relation between nodes, but this does not mean that the integral transfer of flow
is possible in all relations or in a particular one, if one or several arcs have lost
their functionality.

A network with good reliability from the point of view of connectivity may
not be reliable from the point of view of capacity. In order to characterise the
network the concept of vulnerability Taylor and D’Este [4], Berdica [5] or that of
operational reliability Raicu [6] has to be employed.

5.3 Reliability in relation to transit time

Coming back to the problem presented before and assuming those reserves of
capacity would ensure the operational reliability of the network, it is obvious that
the alternative routes suppose greater transit times than the initial ones, maybe
even unacceptable for the users.

Therefore, when estimating transit time reliability admissible limits have to
be prescribed.

Examining the predicted route as a succession of homogenous sections for
which the available statistics provide data about the daily succession of traffic
regimes is possible to build the transition diagram of the Markov process
associated to the state of the homogenous sections.

In the simplest manner the states of the route encountered by a vehicle when
moving in a certain relation can be binary quantified — congested C, respectively
not congested, L.

If the probabilities of going from one state to the other are estimated the
signal graph can be built (Figure 3) and can evaluate the probability of the route
to be in the non congested state after a number of periods, if at the reference
moment it was in the same state.

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)



Computers in Railways X 81

0.4z 0.8z 27

r—1
I Yo
\)i./'

Figure 3:  Signal graph associated to a route (the transforms Z of the passing
probabilities are written on the arcs).

To solve the problem a dummy node y, has been introduced linked to L (“not
congested” state) through a dummy arc of transmittance 1.

Mason’s rule is used to evaluate the transmittance. According to this rule, the
transmittance between two nodes i and j of the graph is:

A
=2
where TI, is the transmittance of the direct route k between i and j,
D=1->"L+Y LxL - Y LxL xL,

i%j iz jr
where L.,L, L, are the transmittances of the loops of the graph, if LxLxL, x..
are achieved only for the non-adjacent loops (those that do not have a common
node),

A, has a similar expression as D, except it refers to the loops left after the
nodes of the direct route k of I1, transmittance have been eliminated.
For the graph In Figure 3, D=1, I, =1 with A, =1-0.2-z. Because
D=1-(0.42+0.22+0.482?)+0.082?, results
1-0.2z

%l T 120.62-042
+0.64032642" +0.643869442° + ...

=1+0.4z+0.64z° +0.5442° + 0.6824z* + 0.62704z° + 0.649184z°

The coefficients of z* represent the probability that after a number of k
periods the system (analysed route) is in “not congested” state, L. It can be noted
that the value of the coefficients of z* after a number of periods start to stabilise
which confirms the fact that state L is a recurring event with a finite average
recurrence time.

5.4 Reliability — propriety of the networks

The networks of the technical infrastructures of the society, in general, and the
transport networks in particular are topologically and structurally characterised
through properties like connexity, connectivity, homogeneity, isotropy, nodality,
etc. These properties, as oppose to others like length, density, etc outline the
links between the networks and the territorial system they serve [1, 3].
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Using a simulation model (written in Visual FoxPro) Raicu et al. [3], the
reliability matrix in relation to connectivity is obtained, even for large networks
in relatively short computational time.

6 Analysis of rail transport network performance

The specific aim of this research is to develop a suite of decision support tools
for assessing network performance and reliability. The tools necessary to analyse
and assess existing rail networks, and to plan and evaluate proposed
infrastructure improvements and access provision using congestion pricing
models will be developed. The outcome will be a set of high-level tools for
strategic planning of the long-term development of rail networks.

A particular emphasis is the study of congestion and methods to identify the
extent and spread of congestion in a network.

6.1 Congestion/delay in the rail network

The relationship between delay and congestion has been explored. We consider
that congestion exists if the passage of one train causes delays to other trains in
the system. The level of congestion would then depend on the extent of the
delays. Some congestion may be inevitable as a consequence — it is inefficient to
design a railway system in which each train has its own, uniquely assigned track.
It will be determined if the level of congestion is acceptable or not.

The first observation that should be made is that congestion generates delays,
but not all the delays are a consequence of the congestion. Initial delays may
arise through some exogenous factor or event, such as a mechanical breakdown.
The consequence of these delays may then be the occurrence of congestion.

6.2 Congestion maps

The main sources of train delays are functions of: timetabling; infrastructure or
train performance; poor scheduling.

The University of South Australia has developed train scheduling software,
internally known as TPOD (Train Plans On Demand) that is able to produce train
plans quickly and effectively (see Figure 4). TPOD takes a set of train requests
on a particular rail network and minimises the aggregate delays whilst moving
the trains from their origins to their destinations Eitzen [7]. By using TPOD to
generate the train plans, the poor scheduling factor can be alleviated. If we
assume timetabling is largely market driven and therefore largely fixed then
delays are an indicator of infrastructure bottlenecks. Delays can be costed (e.g.
on an annual basis) yielding a dollar value for capital expenditure justification.
Then, the infrastructure can be upgraded to reduce bottlenecks and retest via
TPOD to quantify the impact of new infrastructure and confirm cost/benefit (see
Figure 5).
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Figure 4: Example of TPOD model output.
Input data:
track, train, trip
TPOD solutions
Change infrastructure data
(e.g. add a loop)
Delay extractor
(Train delays)
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Figure 5: Delay and congestion analysis- system architecture.

A procedure to extract delay information from TPOD (Train Plans on
Demand) was designed and programmed. The procedure captures train delays
from a TPOD network solution and can display them by station, by time for
individual trains or any combination of trains. (Figure 6) The delay data can be
exported to a spreadsheet or other planning software for cost/benefit analysis or
used to simulate the network working under new conditions for planning
purposes and congestion analysis.
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Figure 6: Example of delays by station (output from the delay extractor).
7 Conclusions

This research will lead to the development of expertise in the formulation and
application of methods for the analysis of network reliability, identification of
vulnerable locations, and assessment of level of performance of intact and
degraded networks. This will allow planner and managers to determine the
sensitivity of overall network performance to variations in local capacity and
local operations, and to identify congestion points and their impact on network
performance. These new tools will assist managers and planners to develop
insights into network performance under different operating scenarios and
objective evaluation of proposed infrastructure development proposals.
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Abstract

This paper presents a mathematical model of the long-term track tamping
scheduling problem in the Korean high-speed railway system. The presented
model encompasses various operational field constraints and moreover improves
a state-of-the-art model in extending the feasible space. We show the model is
sized up to intractable scale, then propose another approximation model that can
be handled with the present computer system and commercial optimization
package directly. The aggregated index, lot, is selected, considering the
resolution of the planning horizon as well as the scheduling purpose. Lastly, this
paper presents two test results for the approximation model. The results show the
approximation model to be quite promising for deployment into an operational
software program for the long-term track tamping scheduling problem.
Keywords: tamping scheduling, mathematical model, index aggregation.

1 Introduction

In the ballasted track system, the amount of gauge irregularity increases in
proportion to the accumulated tonnage passed. When the amount of gauge
irregularity is greater than a certain level, it results in not only the worse quality
of traveling, but also a serious effect on traveling safety of trains. Therefore, the
maintenance works of track systems are carried out based on the predetermined
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standards which is set to beforehand prevent from damaging the quality and
safety of traveling [1, 2].

Tamping ballast is given the most importance among the maintenance works
for correcting gauge irregularity. In Korea Railroad, tamping ballast is performed
by hand or by multiple tie tamper (MTT), but MTT is used in most tracks except
the some tracks not to be accessible.

Track tamping scheduling problem (TTSP) is to schedule MTT works for
maintaining the regular amount of gauge irregularity below the criterion. To do
so, target lines are divided by the ‘lots’ with the previously defined length (the
basic length is 0.2 km) and the various parameters of gauge irregularity and
actual data are maintained based on the lots. After all, TTSP is to find the
schedule of MTT works performed on the lots in order to prevent the standard
deviation of gauge irregularity of each lot from being below the criterion.

In this paper, we present mathematical models for TTSP. Many combinatorial
problems are intractable if applied to the real field. But our models are developed
to be solvable with the current computer system and commercial optimization
packages.

This paper is organized as follows; Section 2 presents a mathematical model
of TTSP. In Section 3, the mathematical model is scrutinized to devise an
approximation model using the index aggregation. Finally, the experimental
results and the future research directions are given.

2 Long-term scheduling problem for track tamping

2.1 Outline of the problem

The goal of TTSP is like these; () to minimize the number of track tamping
works while meeting all requirements related with gauge irregularity () to
minimize the fixed costs from every departure for tamping by confirming
continuity of each lot () to disperse works not to be concentrated on (limited)
specific days. In this section, mathematical model of TTSP is presented. This
paper assumes followings for the model.

2.1.1 Assumptions

. The proposed model is applied as a unit of railway maintenance post.

. The proposed model uses the concept of ‘virtual depot’ to take into account
multiple maintenance operations during unit period, thus the multiple
number of virtual depots may be assigned, if necessary (e.g. 3-5 virtual
depots).

. One and only one maintenance operation and MTT type are assigned to each
virtual depot during unit period.

. The various rules and processes concerning TTSP are compliant to processes
of track tamping which are carried out by ‘High Speed Railroad Railway
Control Regulation’ of Korean Railroad.

The notations used in the model are defined as follows.
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2.1.2 Notations

J The set of virtual depots. The index for indicating the number of
maintenance operation(s) in a unit period

L The set of lots. L= {0, 1, 2, ..., L™}. L1 =L - {0}. L2 =L - {L™}. In

here, L = 0 indicates depot itself. The indices are sorted in ascending

order to outbound direction.

Types of MTT equipments. K = {new type, old type}.

T={1,2,.. T"}. T" =5 years x 365 days.

The standard value of gauge irregularity (standard deviation)

" The increment of gauge irregularity of lot-1 (standard deviation)

The recovering capacity of MTT type-k of train (standard deviation)

D Distance matrix for between lot-pair (km)

NW  Prohibition of assigning works.

WT* The required operation time of MTT type-k (h/lot)

VR*  The moving speed of MTT type-k (km/h)

BT  Blocking time (h/day) = working hour + moving time/hour.

UL  The length (km) of a unit lot. Basic length = 0.2 km.

F*  The fixed costs occurred assignment of MTT with type-k

o A very small constant value

2.1.3 Decision variables

2%=0,1,2,... The number of maintenance operations with MTT type-k in
period-t.

1*={0,1}  An indicator function. If a maintenance work is assigned to virtual
depot-j during the period-t with a MTT type-k, then it has a value
1, otherwise 0.

we {0, 1} If a maintenance work is assigned to lot-1 by a virtual depot-j using
MTT type-k during the period-t, then it has a value 1, otherwise 0.

ylte {0, 1} A variable for a sequence of maintenance works assignments. If
wX=1=w!X =1, then it has a value 1, otherwise 0.

N = {I [w' =1, VjeJ,Vk e K,Vt eT} A set of lots where a maintenance work
is assigned for virtual depot-j with MTT type-k in period-t,
dynamically. n :|N jkt|

1 =max {I|l eN j“}
v =min {||| eN j“}
o, eR" The levels of gauge irregularity in lot-1 at the end of period-t

(standard deviation)
ZeR" The first term of objective function in TTSPO (variable cost)

Z,eR* The second term of objective function in TTSPO (fixed cost)
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2.2 Objective function

The objective function of TTSP model consists of two terms. The first one is to
minimize the frequency of maintenance operations while meeting all
requirements. In the case that the amount of gauge irregularity exceeds the
criterion, the maintenance operations are indispensable but the number of the
operations should be minimized because each operation makes the ballast
crushed. Formula (1) is the function to achieve such objective.

Z=YYY Y >(wr-5y2) (1)

teT keK jel leL2mell

The second term is to dispose the given works with the minimum number of
maintenance works. It is not common that more than maintenance work group is
operated in a day at one depot. Therefore, the number of maintenance work
groups might be minimized instead of minimizing the number of departure of
maintenance works.

Fied
cost
z
1 b
Figure 1: An example of fixed cost.
0 >z%<1
Z; — keK (2)
F<yz* Yz%>1
keK keK
Z2=2,+%27! 3)

teT

These objectives can be achieved, as shown in Figure 1, by considering the fixed
cost paid whenever maintenance departures more than two are employed during
unit period. Thus, the objective function is given, as in formula (3), by the sum
of variable cost and fixed cost. To implement the fixed cost in a commercial
optimization software package, it needs to modify model. The modification of
model will be described in next section.

2.3 Assignments of maintenance operations

It is crucial in TTSP model to keep the amount of gauge irregularity of each lot
below the criterion value, which is expressed as the inequality (4).
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o, <o™, VteT,VlelL 4

The maintenance works are avoided being assigned in uniform fashion, since the
increasing rates of gauge irregularity (o, ) are considerably different even in the
adjacent lots [3]. It is desirable to establish works which let the periodicity of
consecutive lots synchronized with similar periods.

Gauge irregularity of each lot increases at every unit period like formula (5-
6), and track tamping works (w* ) will be established when the values are

max

reached at regulated level (™). Meanwhile, formula (6) restricts the feasible
space to be limited. Figure 2 depicts the restriction conceptually.

ol=c™, VleL (5)
o=0"+0/ —@20‘; Wi, vt =3, T™ vlel (6)
eK je
- w) =1
o =0

w#l h h d
‘wWEthe e’ -
Figure 2: Restriction of feasible space.

When assigning maintenance operations with assumption that corrective effects
of gauge irregularity is set exactly same as the regulated level (i.e. o, = ™),
assigning operations is possible (w;' =1) only when the amount of gauge
irregularity reaches exactly at the standard level (t=t,), and all previous
operation assignments are impossible (w? = 1). This is because operations are
assigned in advance of t, o/ >0is violated. This paper presents a modified
formulation for this point in formula (7).

Cror—(0 o) YW V=023, T™ L vieL  (7)

jed keK

On contrary to formula (6), if necessary, formula (7) allows operation
assignments possible even before the date of reaching to standard level of gauge
irregularity. It means that a limitation which was discovered in the state-of-the-
art study [1] becomes relaxed. To apply commercial optimization package,
further modification of the formula is necessary because decision variables in the
right side take the form of multiplication. The modification of model will be
described in the next section as that of the previous one.

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)



90 Computers in Railways X

Sy wM<1, vteT,Vlel (8)

keK jed

SYWH=0, V(tI)eNW )

keK jed

Formula (8) ensures the uniqueness of operations which are assigned in every
unit period and lot, and formula (9) is to restrict assignment of operations owing
to the operational reasons during cold and hot seasons.

2.4 Restrictions on blocking times

For all lots, the sum of working time and moving time is restricted by blocking
time (BT). Figure 3a represents an example that a team of maintenance operation
departs the depot, processes/moves lots, the turns back. Such working process
can be expressed by a graph of which assignment of operation is node, and
movements between assignments are arcs as shown in Figure 3b.

pet}

BT 235 W +—(dy - vy +ly Vg + ey Vg + g 1)

1
VR

Figure 3: (a) An example of maintenance operation sequence, and (b) its
graph representation.

That graph comes under the traveling salesman problem (TSP) which is widely
known in the field of combinational optimization. The blocking time of the graph
operates only for the big-tour that visits all nodes with a shortest path.

jkt
2 Z{(y.jm“—l)ww + d\.;nglm_} <BT, Vjeld,VteT,VkeK (10)
lel, mel
> 2 y|jmkt§|51k‘|—l, vSH < N"“‘,2£|S""'|£ n—1 (11
lesKmeskt
<y +1,Vjel,vkeK,vteT (12)

wh+wk—2yk>0,vjed,vkeK,VteT,Vlel, Vmel, (13)
Formula (10) represents the constraints of blocking time on big-tours, and
formula (11) is sub-tour elimination constraints. These constraints are known as
make models very difficult (NP-Complete) to be solved [4]. Formula (12) is a
constraint to avoid duplication of operation-assignment-range in each virtual
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depot. Formula (13) defines the logical connection between operation
assignment variables (w) and operation sequence variables (y), and it works in
proper for the minimization form of objective functions.

2.5 Calculating frequency of operations

In the objective functions described in previous sections, to optimize the number
of maintenance departures during a unit period, frequency of operations should
be calculated.

I —wM>0,vteT,Vjel,vkeK,vlelL (14)
SIM<l, VteT,Vjel (15)
keK

2“=>1"=0, vteT,vkeK (16)

i<l

Formulas (14-16) is indicator function which is established in accordance with
operations in specific lots, and the operation frequency of each MTT type during
unit period is calculated by formula (16).

2.6 The range of variables

Formulas (17-21) represents the range of decision variables.

2%=0,1,2,... 17)
1 ={0,1} (18)
w*e{0,1} (19)
ymefo1} (20)
o, eR” 21

Long-term scheduling model of ballasted track tamping is defined from those
defined objective function(s) and constraints as follows.

(TTSPO) - Track Tamping Scheduling Problem
Minimize (3)
Subject to (4-5), (7-21)

3 Approximation of model

3.1 Aggregation of index

Problem size of TTSPO whose subjects are the newly constructed Korean high
speed line (HSL) between Busan and Seoul can be estimated based on the most

difficult variables ( y*).
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y [3-5] (departures of maintenance operations) % 1825(periods)
x 2(MTT types) x 1105(lots) x 1105

= 22,283,706,250 222.283.706,250

With the computability of computer systems currently used, this scale of
problem is not easy to solve directly. Index aggregation is one of the potential
approaches to these large-scaled models. The index aggregation means to reduce
scales of the models that can be manipulated using current computer systems, by
cutting the number of variables within the range of keeping actual meaning of
solutions as far as possible. It seems excessively specific to keep the decision
values of long-term scheduling problems for several decades of kilometers by the
unit of 0.2 km. In this paper presents a solution approach that integrates those
excessively specific decision variables.

As for the operational speeds of MTT equipments which are currently used by
Korean Railroad, those of new equipments are about 1.0 km/h (= 5 lots/h, 0.2 km
standard), those of old equipments are about 0.8 km/h (= 4 lots/h, 0.2 km
standard). According to those operational, on the assumption that average
blocking time a day is 4 h (the average processing time a day = the average
blocking time a day - the average running time a day =4 h - 1.5 h = 2.5 h), the
average processing lots of new equipments a day is about 12.5 lots/day (= 5 lots
x 2.5 h/day), the average processing lots of old equipments is about 10 lots/day
(=4 lots x 2.5 h/day). The number of average lots of new and old equipments is
about 11 lots a day. Therefore, in this paper, we propose Aggregated LOT (AL)
which integrates lots of 0.2 km (11 lots) which can be operated for a day.

By integrating index of lots, the types of the equipments and the concept of
virtual depot of TTSPO is not necessary any more, and decision parameter
associated to lots (| € L ) may be re-defined as average value (s, ) for aggregated

lots (a€ AL). By aggregating index of lots, the number of variables can be
reduced considerably, and relevant formulas (10-13) can be relaxed as well. In
the next section, Approximated TTSP (TTSPA) based on the index aggregation
is presented.

3.2 Objective function of TTSPA

In the approximated model, the objective function is modified using newly
defined variables. First, objective (2) concerning variable cost of TTSPO is
defined as formula (22) in TTSPA.

Z,=3 2 chw, (22)

teT acAL

The cost weight (¢' ) concerning operation assignment of formula (22) is to solve
problem arising from making problem of infinite time horizon smaller to
problem of finite time horizon. For example, in the problems of definite time
horizon as Figure 4a, operation assignments are possible regardless of the
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degree(s) of access to the standard (value) at a middle spot, within the range of
meeting the standard amount of gauge irregularity in scheduling areas. In the
case of infinite time horizon, assigned operations in a cycle are logically right to
assign near the standard approximation except for the invincible situations.

01
= —1H1
. ¢ =-gm -l

r=l=ra' =1
r=I" e’ =08

=1 =T

Figure 4: (a) Assignments in infinite time horizon, and (b) Weights to
compensate.

The weight concerning assignment of operations compensates such problems
arising from the models of finite time horizon, inducing assignment of in the
latter half of the period, approaching to the standard. Such weight should be
defined in the range not to influence on the original objective function defined by
users. Figure 4b depicts an example of methods for establishing weights.

Modification of Formula (2), objective function concerning fixed costs of
TTSPO, is for manipulating in commercial optimization software packages. The
objective functions which have fixed costs are able to be realized by using Piece-
wise Linear (PWL). The PWL is an efficient method which helps realize fixed
costs with a small increment number of variables [5].

Z,+2,— Y w.=0,VteT (23)
aeAL
0<z), <1,VteT (24)
0<z, <z™ -1, VteT (25)
Z4:F412221+F4222:42 (26)
teT teT
Z=7.,+7Z, 27)

The objective function is defined as formula (27) by formulas (22) and (26).
3.3 Linearization assignment constraints

Although formula (7) is an alternative to the problem of restrictive feasible
space, some problems in the third term of right-hand side arise when two
decision variables are expressed as the forms of multiplication, and apply a
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commercial optimization software packages to the problem. Such a quadratic
model can be linearized as follows. First, formula (28) is given by using the
variables defined by aggregated index.

st=sit+ s —(sit+s))-w,,Vt =2,.T™ Vae AL (28)

When A, =s."-w,, formula (28) is linearized as formulas (29-33).

st=si'4s —A —s; W, Vt=2,..T"™ Vae AL (29)
AL >0, Vt=2,.T™ VaeAL (30)

AL <s™-wh,VE=2,.T™ vae AL (31)

A <sT r(-w)-sT, vt =2,.T™ Vae AL (32)
A 2st - (1-w!)-sT, Vt=2,.T™ ae AL (33)

To make understand clear about the model, some formulas are repeated, and
TTSPA model is as follows.

(TTSPA)
Minimize Z=7,+Z2, (27)
Subject to
Z,=Y>c -w (22)
(T aenL
z,,+2,— EA:LW; =0, vt=T (23)
0<z,, <1, VteT (24)
0<zl, <z™ -1, VteT (25)
Z,=F, ; 2, +F, ; z” (26)
si=s.'+s;—A —s -w,,Vt=2,.T"™ VaeAL (29)
AL >0, Vt=2,.T™ VaeAL (30)
AL <swl,Vt=2,.T™ Vae AL (31)
A <sT 4 (1-wl)-sT, VE=2,.T™ Vae AL (32)
AL>sT —(1-w!)-s7, Vt=2,.T™ ae AL (33)
w, =0, V(t,a)e AWN (34)
7'=0,1,2,...,2™ (35)
w e{0,1}, VteT,VaeAL (36)
0<st <s™ (37)
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In this section, an approximated model is presented to be handled by using
current computers and commercial optimization software packages. In the next
section, results of numerical experiments and hereafter direction concerning
TTSPA are presented.

4 Experimental results and conclusions

4.1 Experimental results

Two experiments on TTSPA models were performed as shown in Table 1. The
one is an experiment about average track tamping problem size (100%) of
Korean HSL at each maintenance depot, and the other is a 60%-scaled model of
the problem size. They were performed twice for each, and the result of each
performance was similar. The result of Table 1 was got from using OPL Studio
4.0 (CPLEX 9.0 is built in) of ILOG Co. in a PC which has 3.4 GHz CPU, 1Gb
RAM. Table 1 shows the summary of experiments.

Table 1: Experimental results of TTSPA.

Problem size Solutions Experimental conditions

1864 »

- CPU time =772 s.

- GAP = 15%

- Trials = 2 times

. - Constraints = 60,250
oo 1930 380 s790 7720 ses0 mss |- Int. variables = 45,600

Time (s)

1482 4

1101 ~

60% 719 =

7511

-CPUtime=6h
- GAP =96.5%
- Trials = 2 times
] - Constraints = 202,399
. OrAUI 319'3.0. 6'38'6.0 957’9.(;12'77‘2.0'1;96’5.(3 191'58,0 - Int. Variables - 152,500

Time (s)

5923 -
4336 =

100% | =

1160 —

4.2 Conclusions

TTSPA came to within a scale of commercial optimization software package.
Even though the proposed TTSPA model comes into the range where model is
manipulated by using current computer systems, further studies are required to
improve the convenience of an application program using this model. For the
improvement of algorism performance, further studies for user cuts to improve
lower bounds of CPLEX Branch & Cut, and for developing heuristic algorithm
to improve effective upper bounds.

On the aspect of modeling, some additional studies about effective reduction
by using restrictions of assignment of hot and cold seasons, and about extension
to the track tamping model related to ballast cleaning are required.
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Statistical method for the evaluation of railway
systems modifications

M. Chandesris
SNCF Direction de la Recherche et de la Technologie,
Unité de Recherche “Géenie Décisionnel Appliqué”, Paris, France

Abstract

Railway production plans daily face random events. Therefore, before setting up
modifications for the railway system (changing the network, new signalling
system, new timetable, etc.), its robustness to stochastic events must be
estimated.

Tests cannot actually be carried out, which is why the SNCF uses a traffic
simulator developed by its research department. Up to now, the timetable
robustness has been estimated by considering a few small incidents and their
simulated consequences on train delays.

The new approach we are working on consists of taking into account the
stochastic dimension in the evaluation of robustness. The methodology is divided
into three parts:

e ldentifying randomness to be taken into account when evaluating
robustness
e  Studying the robustness of the railway system:
0 determine experimental design
0 carry out simulations
O aggegrate results
e Evaluating the lack of precision in the results

The aim of this project is to develop the required statistical methods and to
design a decision tool following the three steps above. It will help the
infrastructure managers to evaluate, in a statistical manner, the robustness of
various railway system configurations.

1 Timetable robustness and traffic simulator

Railway production plans daily face random events. Therefore, before setting up
modifications for the railway system (changing the network, new signalisation
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system, new timetable, etc.), its robustness to stochastic events must be
estimated.
This paper is divided into three parts:

e Introduction to timetable robustness and the use of traffic simulator

e  Proposition for methodology to evaluate robustness of timetable

e Examples of comparing different alternatives for a railway system

thanks to the tool.

This first section introduces timetable robustness, simulation model and
stochastic dimension of the problem.

1.1 Timetable robustness

Railway production daily faces random events that perturb traffic quality. When
evaluating new production plans, these random events have to be included in the
analysis of quality.

Such an approach allows introducing more elements when evaluating
different modifications for the railway system (increase in traffic density,
modification of signalling systems, etc.). Costs, theoretical capacity indicators
may be available a priori, directly computable by looking at proposals. But
indicators of service quality such as regularity involve randomness phenomena,
which is more difficult to take into account in computations.

Timetable robustness is the capacity of a timetable to resist to little
perturbations. (We concentrate on little perturbation, considering situations
without active regulation.)

1.2 Simulation model

Actual tests cannot be carried out due to several reasons: security, costs, time,
etc. Furthermore, the railway system is too complex to be solved by analytical
solution. Simulation techniques provide a solution to these problems. The SNCF
research department has developed a numerical simulator of the railway system
[3]. The simulation model is briefly described.

The railway system such as it is described in SISYFE (SImulateur de
SYstéme FErroviaire), is comprised of two main subsystems that interact:

- the rolling stock with its driver and the fixed installations of the rail
network;

- the human action of men outside this system (signalmen or traffic managers)
classified as its environment.

The simulation allows, by iterative calculations, to simultaneously reproduce
the changing state of signals and the evolution of the vehicles. The railway
system is modelled by a discrete events system. At every moment, the state of
the system is determined by:

- former states;

- actions of the environment;

It is a quasi-deterministic system because relation of transition checks
consistency conditions. Propagation of state changes generates conditions that
will characterise the following states.
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Such a tool allows studies of the timetable with several hundred of trains
during hours.

The choice of a simulation tool is not restrictive; other simulation tools could
be used instead of SISYFE. A lot of simulation tools have been recently
developed by of for railway companies. But, nowadays, the key question is no
longer “how to build a traffic simulator and how to choose a simulation model?”
but “which scenarios have to be simulated into the simulator?”.

1.3 Stochastic dimension

The natural randomness of the production process has to be taken into account.
The Monte Carlo methods [4] provide approximate solutions to such problems
by performing statistical sampling experiments on a computer.

The idea is to sample a perturbed timetable in an efficient way, then put them
into the simulation tool, and then analyse the way perturbations are absorbed and
finally aggregate results to make statistical conclusions.

frequency consequences

A A

.

Lol
primary delay

Figure 1: Duration of primary delay occurrence frequency and operational
consequences.

2 Evaluation of timetable robustness — methodology

This second section describes how to:

- identify randomness;

- study robustness by simulation;

- evaluate a lack of precision in the results.

2.1 Identify randomness

The first task is to identify random events that would be taken into account

during the analysis. Two points of view should be considered:

- incidents that occur during actual exploitation of the system are listed in
databases from the feedback. Those databases allow the classification of
incidents by type and to study their occurrence frequency;

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)
doi:10.2495/CRO6xxx



100 Computers in Railways X

- incidents that do not cause any perturbation to the system are not to be
included in the analysis, in order to optimise the use of simulation. A first
set of simulated incidents makes it possible to identify characteristics of the
incidents that cause operational consequences.

By studying these two aspects of random events that occur during railway
production, we can —in an optimal way— determine which incidents should be
taken into account during evaluation of robustness.

2.2 Study robustness of the railway system

2.2.1 Determine experimental design

Simulations have to be carefully planned, in order to best use the simulation
time. The theory of experimental design [1] contains very useful techniques. The
full design is divided into two parts:

1. the main design produces a vary hypothesis for the railway system
(configuration parameters). At this step, we must set what we want to
test: new timetables with increasing traffic density, new signalling
system, new infrastructures, etc.

2. the second design varies the characteristics of incidents. Several
characteristics of incident may be taking into account:
0 type of the incident;
- delayed departure;
- speed limitation for a train or a portion;
- unexpected stop;
- emergency stop;
primary delay;
place where the incident occurs;
profile of the line where the incidents occurs;
speed of the train when the incident occurs;
space margin of the train when the incident occurs;
rolling stock of the first train affected;

OO0Oo0OO0OO0O0

The building of the incidents design is helped by the former step
“identify randomness”.

Each configuration will be tested on the same types of incidents (but not
necessarily the same incidents). When joining the experimental designs for
configuration and for incidents, a cross-over design is obtained:

Establishing the experimental design is a key step: at this moment we
optimise the compromise between:

- number of simulations;
- representative of incidents;
- accuracy of the results.
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Figure 2: Example of experimental design.

2.2.2 Carry out simulations

SISYFE is based on a very detailed model of the railway system: numerous
different configuration hypothesis and types of incidents may be tested. It
provides hypothesis trees in order to automatically launch numerous sets of
simulations with various hypotheses. We have been working on parallel auto-
repartition in order to save time when simulating hundred even thousand
simulations.

For each pair (configuration, incident) simulated, SISYFE provides the
transport plan “as if” it occurred in such conditions. The life for each train is
available: where it is along its path and at what time. Secondary delays are
deduced by comparison with theoretical schedule. A lot of numerical and
graphics indicators are proposed to analyse this result.

2.2.3 Aggregate results and analysis
The next sep is to aggregate results. Two ideas should be kept in mind while the
simulation results are aggregated:
- all incidents have to be aggregated by configuration in order to compare
configurations between each other.
- incidents must be weighted (by frequency) in order to obtain actual quality
indicator values;
To test significance of parameter variations such as traffic density, statistical
techniques are used. The main one is variance analysis; the main concepts are
explained below.

2.23.1 Variance analysis Take the example of the comparison of two
configurations for the system. The first configuration is SO, generally the actual
railway system configuration. By simulating incidents with this configuration,
the distribution of the quality indicator studied is obtained. We write it SO(I) -> R
+ ¢. With 90% chance, the quality indicator is between R- ¢ and R+ e.

When testing an improvement of the actual configuration, we test S1=S0+AS.
The new quality indicator is R1. [SO+AS](l) ->R1+&=R+ AR +¢.
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incidents
S0
€
——
reference
S0 configuration
R quality indizator
Figure 3: Distribution of the quality indicator obtained by simulations.

\/

Figure 4: Comparison between two distributions of quality indicator.

The objective is to identify if the modification of the railway system is
significant, whether is it worth implementing the modification? The two
situations are judged by comparing the variability term and the quality
improvement AR. The modification is significant if AR >e¢.

2.3 Evaluating lack of precision in the results

Another crucial point is the estimation of the error of the present method. When
announcing a rate of regularity under hypothesis of configuration, a confidence
interval is added. It is more pragmatic and more interesting to provide piece of
information of type: the rate of regularity is between R1 and R2 than to provide
only R.

This is illustrated by the following example: we wish to increase the number
of trains per hour. But, if the number of trains per hour is increased, delays are
spread more easily because trains are closer together. So we want to test if this
new delay can be compensated for by changing the trains are driven. Two
hypotheses, H1 and H2, have to be tested.

At first glance at Figure 5, if the actual situation is 12 trains per hour with H2
(red in dot line), the number of trains per hour can be increased without losing
regularity if the driving behaviour changes to H1 (blue in plain line).
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Figure 5: Interest of providing confidence interval.

But, considering the confidence interval of the evaluation process, this special
case cannot be concluded, because the error made on the evaluation is greater
than the difference between the two hypotheses.

If different hypotheses have to be compared in order to take investment
decision, the gap between indicators of each hypothesis have to be bigger than
the precision of the process. Otherwise, we cannot be sure of results of the
decision.

The lack of precision in the process of measurement of robustness comes
from three main sources:

1. in the feedback databases, the estimation of occurrence frequency of
incident types may be biased;

2. asimulation model is a simplification of the actual world;

3. only a finite number of incidents are simulated.

Finally, the lack of precision may be evaluated by:
standard parametric techniques such as confidence interval if normality
assumptions are fulfilled;

- non parametric techniques, bootstrap may be used for example [2].

We have been working on both methods to obtain the smallest error term.

3 Compare different alternatives for a railway system

Such a methodology provides a decision indicator for service quality. In this
section, we expose some examples of improvements of railway system that could
be evaluated trough this procedure. Then the tool that has been developed is
briefly presented.

3.1 Examples of studies

3.1.1 Adding infrastructure

Such tool may be used to evaluate the contribution of a new infrastructure. For
example, the regularity with and without a third track could be compared. Then
the quality contribution of this new track could be compared to the economic
costs.
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3.1.2 Increasing traffic density
A first study on the high-speed line between Paris and Lyon has been done,
taking into account about 5 000 simulations. The influence of two parameters
have been tested:

- the number of trains per hour : 12, 13, 14 or 15 trains/hour;

- two driving behaviour parameters: A1, A2 and L1, L2.

3.1.3 Modifying signalling and / or routing systems

Another study involves an interconnection project in Paris and suburbs.
Hundreds of trains of different speed are involved. We want to evaluate the
contribution of the ETCS 2 signalling system with manual or automatic driving.
Different systems of regulation have to be tested too.

3.2 A statistical tool to help decision makers

A prototype tool, SARDAIGNE, has been developed in SAS (Statistical
Analyses Software, see www.sas.com), including a graphical interface for the
user. It is based on the proposed methodology and is divided in four main parts:

- import and data management

- analyse for one simulation

- production of list of scenarios in order to test factors influence

- analyse of list of simulations

4 Conclusions

To conclude, timetable robustness, the capacity of a timetable to resist small
perturbations, has to be estimated by simulation before applying modifications to
the railway system (increase of traffic density, modification of signalling system,
etc.). The methodology has to include a probabilistic/statistical view of
perturbations of railway system.

In this paper, we described the main ideas of how to identify randomness,
how to study robustness by simulation and how to evaluate a lack of precision in
the results.

Some examples cases are given. A tool for providing such decision help has
been developed.
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Prioritized Rail Corridor Asset Management
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Abstract

Seldom do railroads have the resources to maintain their infrastructure at such a
level to ensure steady-state performance. More often they are faced with the
decision of which maintenance actions should take priority, so that optimal
safety and reliability are maintained under the burden of constrained resources.
The option of additional resources is rarely feasible. Given these current
operating realities, more and more railroads are finding that the solution lies in
utilizing information technology to work more efficiently. By harnessing the
vast amount of existing rail corridor data into a prioritized plan, and then
assigning the work and monitoring the execution and results with software tools,
many railroads are attempting to do more with less. The strategy, we define as
Prioritized Rail Corridor Asset Management, not only results in steady-state
asset performance under constrained resources but can even improve the asset
condition and provide a positive return on investment.

This paper describes an information system developed to facilitate a
Prioritized Rail Corridor Asset Management strategy. The enterprise-scale
solution requires combining Optram’s Railway Infrastructure Management
(ORIM™Y information system with MRO Software, Inc. (MROI) strategic asset
management information system (MAXIMO®). ORIM integrates existing rail
corridor data sources with a linear model of the track network to continuously
generate a prioritized work plan. The prioritized work plan is linked to
MAXIMO where staff, materials, and equipment are managed. The results
combined with an effective execution facilitate a Prioritized Rail Corridor Asset
Management strategy.

Keywords: Railway Infrastructure Asset Management, Enterprise Asset
Management, Linear Asset Management, Track Maintenance Management, Rail
Management, Enterprise Information Systems.
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1 The Challenge

Managing a reliable and safe rail corridor is typically performed with insufficient
information and limited resources. Having simple to use and readily available
asset location and condition information to prioritize the use of limited resources
(people, material, equipment, and work windows) can dramatically affect the rail
corridor reliability, safety and profitability. Compounding the problem is a
continuous flood of data collected from activities such as track inspections,
geometry car surveys, rail defect detectors, ground penetrating radar, rail profile
measurements, video surveys, infrared tests, asset surveys, work records, train
movement, wayside detectors and more. Converting this vast, continuous and
varied stream of data into management intelligence to develop a prioritized plan
to optimize maintenance-of-way resources is a significant challenge.

Successful applications of prioritized rail corridor asset management can have
significant and lasting impact. It has been shown at Amtrak and Conrail [1] and
at Network Rail and First Engineering [2] that without additional capital
investment a 10% annual savings in maintenance expense could be saved by
targeting timing and location of capital and maintenance operations and
resources [1]. Higher returns can be realized when capital investments are also
made in the infrastructure.

2 Rail Corridor characteristics

2.1 Rail Corridors as a linear asset

Rail corridors can best be characterized as comprised of a network of interrelated
linear or “continuous” assets. The linear asset is similar to other capital-intensive
assets—such as facilities and fleets of vehicles—in that they are expensive to
build and maintain, and have a direct impact on rail service reliability, safety and
profitability. On the other hand, there are important differentiations for linear
assets:

e They are geographically dispersed, with few or no obvious physical
characteristics that distinguish one asset from another, other than their
relative location

e Maintenance work and component wear is distributed over varying portions
of the asset in disperse and non-discrete locations along the asset;

e Linear assets are comprised of an interrelated series of components (rail,
sleepers/ties, fasteners, ballast, subballast) that vary along the length of the
asset

0 The performance of a part of one asset may affect part of another
(e.g., a wet spot could increase rail defect rate, bridges transitions,
switch and crossings, curves)

o Work is performed on a portion of an asset on various components

0 Use characteristics (speed, tonnage, etc.) vary by asset location and
component
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In short, the unique continuous and interrelated nature of linear assets requires a
specialized approach to develop and manage a safe, cost-effective and reliable
maintenance-of-way plan.

2.2 Impact of Rail Corridor Asset Performance

A railway system is made up of vehicles, facilities, and rail corridor assets. A
failure in a vehicle asset can disrupt a single carload and possibly a comprising
train making a minor impact on a corridor’s throughput. Similarly a failure in
facility typically has a minor impact on the systems overall performance. On the
contrary, the rail corridor, as a linear asset, acts like a pipeline. A disruption of
just a small portion of the rail corridor creates a dramatic impact throughout the
asset [3]. In areas of moderate traffic, a single problem in a 2-track configuration
can cut throughput by 50% or more. In addition, when the track is operating at
capacity, disruptions typically result in lost and unrecoverable service revenue.

3 System for Prioritized Rail Corridor Asset Management

A system for Prioritized Rail Corridor Asset Management is comprised of two
integrated information management systems (Figure 1). Optram’s ORIM
Railway Infrastructure Management (ORIM) system uses condition, traffic, and
work data to develop a prioritized work plan. The prioritized plan is sent to
MROI’'s MAXIMO enterprise asset management system to manage and monitor
the maintenance-of-way work.

Priorit

— rioritized =
gsgrﬂ:attl?; Maintenance-
Rai i of-W.
-Rail Profile | ay
-Inspection
Work Status .o
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Figure 1: Prioritized Rail Corridor Asset Management.

3.1 Optram’s Railway Infrastructure Management (ORIM) System for
Prioritization

Optram’s Railway Infrastructure Management (ORIM) System is designed to
analyze and correlate multiple data-sets about the rail corridor to produce a
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prioritized plan of maintenance and capital corridor work. Optram, in
collaboration with Amtrak, has been continuously developing this prioritized
approach since 1997. Over that time Amtrak has continuously lead in the
development and adoption of technology and solutions that incorporate
prioritized rail asset management in Amtrak’s system called Infrastructure
Information Management System [4].

ORIM uses existing data about rail corridor configuration, condition, usage
and maintenance to develop a prioritized plan. The rail corridor configuration
includes the position and relation of assets along the right-of-way. Examples of
condition data include track geometry, rail profile, rail defects, track exceptions,
and visual inspections. Usage data examples include dynamic and static loads,
wheel condition, and train movements. Work includes type of labor, materials
and equipment use to maintain the right-of-way.

The Track Maintenance Management White Paper [3] paper describes ORIM
as a Track Maintenance Management (TMM) system. It describes TMM systems
as assisting rail organizations developing answers to the fundamental question of
“What should I work on and why?” TMM systems collect and analyze condition,
usage, work and performance data and relate the results to the assets located in
the right-of-way. Performance data is derived from the degradation of condition
over time and the effectiveness of repair work.

Optram’s ORIM integrates existing rail corridor data sources and aligns it
with a linear model of the track network. This integrated model is then analyzed
to develop a prioritized work plan, to include near term and longer term
maintenance work, including capital planning. As the work flow progresses, the
status and performance of the work is fed back to ORIM to again refine the
prioritized plan.

When freight and passenger rail organizations use Optram’s Railway
Infrastructure Management (ORIM) system they are able to shift their day-to-day
work concentration:

e From generalized, reactive repairs to proactive focused repairs
e From annual production cycles to TMM-enabled targeted programs

Both approaches address root-causes, significantly reducing the expense of
repeated repairs.

Heide et al. [1] showed in a substructure application of TMM that without
additional capital investment, a 10% annual savings in maintenance expense was
possible by better targeting maintenance operations, and deploying resources to
go only where and when they are needed [1]. Higher returns were realized when
capital investments were made in the infrastructure.

3.1.1 ORIM’s return-on-investment, Scotland case study

During the summer of 2002 a 3-month project was undertaken of the Optram
Right-of-way Infrastructure Management (ORIM) product with an aim of
demonstrating the potential for 10% or more improvement of maintenance
efficiencies. In 2004 the pilot project covered 47 route miles of a double-track
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commuter passenger rail line. In 2003 the project was extended to include data
for a 58-mile section of an intercity main line track.

The areas of track studied under the project were high priority lines that
struggle with expensive track related train delays. The delay penalties mount up
quickly considering that a 15-minute delay of a single train results in a penalty of
£2670. With the possible advent of an additional 30 trains per day on the line,
similar delays could amount to daily delay penalties in excess of £80,000.

Working with the customer, the project team identified an initial list of
10 areas where ORIM can be used to reduce maintenance costs and time delays.
From this list the team selected three areas to show reduced maintenance costs
and time delays:

1. Areas of rough track geometry,

2. Areas of repeat rail defects, and

3. Information-sharing and communication.
These three areas were selected because they represent: a range of savings-types,
data was available within the project time and budget constraints and they
provided edifying examples of the potential savings obtainable through ORIM
use.

The project results concluded by using 3 of the 10 savings areas over the
1000 km of track the system would provide:

1. astrategic advantage for the maintenance contractor through delivery of
improved reliability,

2. saving at least £10M per year through improved understanding and
control of track infrastructure, more effective maintenance, reduced
delay penalties and improved work window productivity [2].

3.2 MROI’s Enterprise Asset Management System

MROI’'s MAXIMO system provides a unified approach to managing all classes
of assets, across the enterprise. MAXIMO provides real-time life cycle asset
management, from sourcing through final disposal of assets. In addition,
MAXIMO includes management of the work flow to maintain the assets.

Once the ORIM *“engineering assessment” of asset condition and historical
performance is complete, MAXIMO manages the logistics of assigning the steps
to complete the work.

4 Modelling the Rail Corridor

ORIM develops its prioritized plan by relating multiple data sources about the
rail corridor. The linear characteristic of the corridor requires a unique model to
manage and interpret the continuous nature of related information. ORIM
correlates data by the relative position within the corridor but without regard to
discreet features. This type of data relation called ““continuous linear relation”
and is in contrast to the more typical relation of data by discrete “segmenting™.
Segmenting of the track network breaks the rail network into discrete
segments where data is grouped into buckets with areas defined by corridor
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features (e.g., tangent and curve track, bridge transitions, areas of common track
components) or buckets defined by even sizes (1/8 mile segments, 1-km
segments). Segmenting often groups data that should not be correlated and thus
blurs the interpretation of that data.

Figure 2 is an example ORIM track layout and work diagram. The figure
shows work performed on the “South” track, which is represented by horizontal
lines on the bottom half of the figure. The horizontal axis indicates where the
work starts and ends (marked by the km/Mile Post markers on the top of the
figure). The vertical axis represents when the work is preformed (marked by left
hand date scale showing month and year).

It is apparent that work is performed regardless of the placement of such
features as switches and bridges.
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ORIM is protected under US patent 5,978,717
Figure 2: Rail Corridor Assets Model.

ORIM’s use of ““continuous linear relation” provides the ability to:

Accurately pinpoint problem locations

Avoid blurring of unrelated data

Interpret multiple issues from a common data set
Add new linear data sets without re-segmenting

5 Technology to prioritize

To create a prioritized plan the following elements are needed:

e A system that captures and integrates the flood of data collected on a rail
corridor.

e A system that schedules, assigns, combines workflow and monitors the
people, equipment, and material to complete the asset maintenance and

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)



Computers in Railways X 111

renewal work. This includes where on the linear asset the work is
performed.

e A simple and efficient presentation of portraying the large data set as
information.

To provide this solution Optram and MROI combine Optram’s linear asset
management information system with MROI’s strategic asset management
information system. These elements combined with effective execution can turn
all the data into a prioritized scheme for optimizing resources to maintain the
highest throughput, reliability, and safety.

6 ORIM - MAXIMO Integration

Together, ORIM and MAXIMO systems provide:

e Targeted, proactive maintenance

e Accurate long-term maintenance planning based upon actual asset condition,
work history and performance

e Automatic generation of pre-planned work orders and associated logistic
support elements

Close integration of ORIM and MAXIMO systems also streamlines the asset
analysis/work-order maintenance process, improves user productivity, reduces
potential errors between these two critical functions, and lowers railroad
operators’ overall IT support costs.

Asset, condition indicators and work-order data is exchanged continuously
between the ORIM and MAXIMO to facilitate a focused and streamlined Track
Maintenance Management process. Further discussion of the ORIM and
MAXIMO relation is described in [3].

The ORIM / MAXIMO integration streamlines the asset analysis and work-
order maintenance lifecycle process, improving user productivity, reducing
potential errors between these two critical functions, and lowering railroad
operators’ overall IT support costs.

7 Conclusion

Managing a reliable and safe rail corridor is challenge. Having simple and
readily available information to prioritize the use of limited resources (people,
material, equipment, and work windows) can dramatically affect the rail corridor
reliability, safety and profitability. Using a Prioritized Rail Corridor
Management system can convert the vast, continuous and varied stream of rail
corridor data into management intelligence required to continuously manage the
safest, least expensive and most reliable rail corridor under constrained
resources.
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An assessment of hazard probability due to
Pentium processor errata in automatic train
control applications

C. Bantin
Alcatel, Canada

Abstract

The Alcatel automatic train control products make use of a single-board
computer that has been designed specifically for the railway environment. The
computer is based on the Pentium processor and is extensively used for
automatic train operation and automatic train protection functions. It is also used
as a security authentication gateway interfacing to the radio-based data
communications system.

The development of an automatic train control system must be accompanied
by a detailed and extensive safety case in order to demonstrate that the required
safety integrity level can be obtained. For the Pentium-based processor, the
safety case must include the occurrences of errata, or faults in the design and
implementation of the processor that are not discovered at the time of
manufacture. It may be argued that, since errata are design and manufacturing
errors, they are systematic. However, because of the way these faults manifest
themselves it could be argued they are random. In fact, for any one processor,
there is a random errata discovery process based on the fact that all the
processors in use are operating simultaneously with different applications and/or
different data. There is a particular probability that one of them will discover a
fault, or errata. A statistical model is developed based on an in-depth analysis
made of Pentium errata, and assumptions about the number of processors in use
over the time period of the analysis. A probability is calculated that previously
undiscovered errata will be found in one of the processors in an ATC system,
and it is demonstrated to become lower than the required hazard probability well
before any such ATC system containing these processors is out into revenue
service.
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1 Introduction

The EN 50129 standard for safety related electronic systems classifies failure
integrity (faults) as either systematic or random. The systematic part is
considered non-quantifiable and there are procedures for developing a safety
case under these conditions. When it comes to microprocessor faults, it may be
argued that they are design and manufacturing errors, and therefore they are
systematic. However, because of the way these faults manifest themselves it
could also be argued they are random. For example, although human error may
be at the root of the problem, it is not reasonable to assume they could have been
systematically eliminated ahead of time. Therefore, we are left with a random
discovery process based on the fact that all the processors in use are operating
simultaneously with different applications and different data. There is a
particular probability that one of them will discover a fault, or errata.

2 List of major assumptions

i. Errata present in the Pentium could not reasonably have been
systematically eliminated ahead of time. Errata have to be discovered and
the discovery process is assumed to be random and therefore amenable to
statistical modeling.

ii. The rate of discovery of errata follows a constant failure rate model, and is
independent of any changes that are made as a result of discovering
previous errata.

iili. The number of processors in operation follows a normal distribution.

iv. The probability of discovering errata is directly proportional to the
number of processors in operation.

v. With reference to [2], all fault types must be considered. Only 83.3% of
the configuration types are considered. Only the 89.1% under the normal
operational mode are valid. All of the dependency events will be
considered. Only the 31.9% lesser severity events are considered, because
the denial of service, hang, and crash events do not result in a hazard
threat.

vi. The categories are orthogonal.

vii. The rate of discovery of new errata during each month applies uniformly
over that month.

viii. There are 10 million Pentium Il processors in operation at the present
time, all of which are operating independently, and there is a uniform
probability that any one of these processors could discover errata.

iX. There are 85 TAS platforms in a given ATC system.

3 Main hazard

The main hazard can be identified as action taken on an unintended telegram
that exposes to the system to a safety-related incident. In this case the hazards are
caused by threats from undiscovered errata in the operation of the Pentium
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processors in the TAS Platform. The target value for the probability of the main
hazard is 10 per train-hour of operation.

4 Threats from the processor

The main hazard will result from threats imposed by undiscovered errata in the
processor. Therefore, the probability of the hazard existing amounts to
calculating the probability that the threats exist, as modified by the defense
mechanisms available to mitigate this threat. The following analysis derives a
model of the process, which demonstrates that the probability of threats from the
errata is within the target value.

S Errata probability models

There are a number of failure rate models that apply to hardware failures in
electronics equipment [1]. These range from a simple constant-rate model to
more sophisticated models that take into account repairs and upgrades to the
equipment. The situation with processor errata, however, is that they are not
simply hardware failures that occur as a result of normal operation. Errata have
to be uncovered by events that trigger them through the operation of the
processor itself in an otherwise perfectly normal manner, using a wide range of
data input. Nevertheless, we can base an errata model on the normal failure rate
models.

5.1 Constant rate model

The constant failure rate model assumes that the probability of a failure is
constant throughout the lifetime of the equipment and that it does not change as a
result of any action take to improve the equipment. The failure rate is given by,

, 1)

where A is commonly called the mean time to failure (MTTF). The probability
density function over time for the constant-rate model is given by,

p(0) = %e’”- v

The corresponding cumulative distribution function is given by,

P(t)= [ p(t)dt' =1-¢"". @3)
0
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These functions are shown in figures 1 and 2. The probability of a device failing
is greatest at the start of its life and diminishes as time goes on. This is a
reasonable assumption for the discovery of processor errata, but it assumes a
constant sample size, that is to say the failures are not a function of the number
of units in operation. On the other hand it is reasonable to assume that the rate of
discovery of processor errata is proportional to the number of processors in
operation, therefore, the constant-rate model cannot be used directly.

5.2 Model with learning

Another model for equipment failure is known as the Weibull model and it
accounts for the fact that the failure rate may change over the lifetime of the
device because of improvements made as a result of previous failures (e.g.
changing the operating environment to reduce the number of failures). The
parameter S is introduced to account for the reduced, or even increased, rate of
failures. Thus,

B-1 B-1
t t n
h(z)=§(;] , p(t)ngj e @
and
P@t)=1-e"*. (5)
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Figure 1: Probability density distribution of errata discovery.
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The Weibull model is not really an appropriate model for processor errata
because it is reasonable to assume that the rate of failure, meaning the rate of
discovery of faults, is independent of any changes that are made as a result of
discovering previous failures. The value of g is typically between 0.95
(improvement) and 1.05 (worsening). A value of 1.0 gives the constant rate
model.

5.3 Model with linear sample size

In order to have a realistic errata discovery rate model we need to combine the
constant rate model with a reasonable model of the number of processors in
operation. If we assume a linear growth in the number of units contributing to the
process of discovering errata, then we can write,

n= Nt, (6)

where r is the number of processors and o is the rate of growth. There is a tacit
assumption here that there is a limit reached at some time, beyond which there
are no further units (or at least some other model applies). We now assume that
the probability of discovering errata is directly proportional to the number of
units contributing, therefore,

p(t) = %te‘” , (7)

! ta
P(t)=N[(e/ A)e™" dt = N2 J.t'e_t‘dt':N(l_(h_%]e—zmj. @
0 0

The results are also shown in figures 1 and 2. The rate of discovery early in
the device life is clearly reduced because of the small number of units in
operation. However, the model is still not very realistic because there is no limit
to the number of units in operation and it is not reasonable to assume the rate of
sales of Pentium processors was in fact linear.

5.4 Model with realistic sample size

A more realistic model for the number of processors in use is to assume a normal
distribution where there is a small number at first, a large number during the
mature period of sales, and a small number again at the end of the production
life. Such a model is given by,

2
n= Ne—((t—tu)/r) ’ (9)

where 7 = \/EG and o is the standard deviation, ¢, is the mean and N is a
normalizing factor (depending on the total units sold). Then,
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Figure 3 illustrates the cumulative distribution of processors in use. In
addition, figures 1 and 2 show how the new model is more reasonable and we
will show next that it is a very good fit to actual errata rate data.

6 Processor errata data

The behaviour of the Pentium Il processor up to April 1999 is examined in detail
in a study of microprocessor entomology [2], and its application to
high-confidence computing systems [3]. Not all of the errata discovered for the
Pentium 11 processor are threats to the main hazard, and the results reported in
[2] are used here as both the source of data for the rate of discovery of errata and
to determine whether the errata discovered are of the type that can cause a
hazard.

6.1 Errata discovered to date

The cumulative distribution of errata reported over the period May 1997 to April
1999, taken from [2], is shown in figure 4. There are a total of 73 errata, and it
should be noted that 27 of them were reported immediately.
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Figure 4: Errata reported from May, 1997 to April, 1999.
6.2 Model fit

A curve of the type described in 5.4 is shown in figure 4 fitted to the data. Note
that a worst-case assumption is made in fitting the curve to the upper data
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samples on the graph. Also the initial 27 are treated as a delta function in the
density distribution and show up as an offset in the curve. The parameters that
provide a good fit are as follows:

N = 3.3, which is the maximum number of errata reported in a month,

tp = 13, which is the mean in months of units in operation,

7 = 10, which is corresponds to a standard deviation of 7.1 months for units in
operation,

A =15, which is the “mean time to fault discovery” in months,

Offset = 26.5, which accounts for the initial delta function.

This model predicts that there should have been 75.26 reported errata by April
1999, as opposed to the actual value of 73.

6.3 Expected future errata

Using the curve fitted to the data we can calculate the maximum expected
number of errata for the Pentium Il throughout its lifetime. To do this we simply
extend the curve to very large values of time. The result is 77.86. This means
that 2.6 more errata are to be discovered during the remaining lifetime of the
Pentium |1 processor (since April 1999). As a worst case, however, we assume
that there are 77.86 — 73 = 5 (rounded up to the nearest integer) more errata to be
found than have currently been reported. Note, that by 2006 virtually all 5 should
have been found, but since there are no records beyond April 1999 we must
assume that all 5 are still waiting to be found. We will discuss this assumption
further later on.

6.4 Classification of errata

The data in [2] is also presented by the classification of errata. The classifications
used are fault type, configuration, operational mode, dependency and severity.

We will assume here that all fault types must be considered. For the
configuration, only the 83.3% of the errata under the uniprocessor configuration
are valid candidates. The multiprocessor and F.R. checking categories are not
valid since the TAS Pentium Ils are not operated in these modes while doing
ATC functions. Similarly, only the 89.1% found under the normal operational
mode are valid, as opposed to starting, test, recovery, and system management
modes. All of the dependency events will be considered, but only the 31.9%
lesser severity events are considered. This is because the denial of service, hang,
and crash events do not result in a hazard threat.

If we assume these are independent (orthogonal) categories then the fraction
of the new errata to be found that could be a threat can be computed as,

F=1.0x0.833x0.819x1.0x0.319 =0.218 or 21.8%. (12)

The data is further categorized according to where the errata occurred in the
processor hardware. Of the errata, 50.5% were in the performance delivery
architecture, and are valid candidates, while 49.6% were in the confidence
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assurance architecture and therefore do not present a threat. Therefore, we can
modify the fraction by the factor 0.505,

F=0.505x0.218 = 0.119 or 12%. (13)

In summary, based on historical data, only 12% of the errata could have
potentially caused a threat.

7 Threat model based on non-redundant processors

This section calculates the probability that a threat exists assuming that there is
no advantage to be gained from the 2-out-of-3 (2003) processor redundancy that
is implemented on the TAS Platform. The probability is based entirely on the
above model derived to fit to the reported data [1].

7.1 Target hazard rate

The target probability for the main hazard is,
P;, =107 per train hour. (14)

In the context of this analysis we interpret this to mean that there is a
probability of P, that a particular train will experience a hazard in any one hour
period due to a threat from undiscovered errata in the Pentium Il processors
associated with that train during the hour.

7.2 Existing errata with no fix

There are 44 known errata that are listed as having “no fix” [2]. In the context of
this analysis this means that there are 44 known errata that could be triggered by
the Pentium processors. We consider known errata to be faults of a systematic
nature. These are not amenable to statistical analysis and the defenses against the
threats posed by such faults are evaluated qualitatively. None of the errata
reported to date for the Pentium Il, which do not have a fix, impact the TAS
platform in a safety critical manner.

7.3 New errata

According to the model developed in section 5, we assume there are 5 errata yet
to be discovered in the lifetime of the Pentium II.

7.4 Errata causing a threat

Of the errata yet to be discovered, only the fraction F = .12 will cause a threat to
the main hazard, according to the classifications in [1]. Therefore the number of
threatening errata yet to be discovered is,

N,=5XxF=5x012=06. (15)
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7.5 Probability of discovering a threat per operating hour

In the interim period from April 1999 to July 2006 no errata have been
identified. It does not matter whether this is because they were not discovered,
not reported or simply that the records were not updated. Our model assumes
they are yet to be discovered, and the potential threat of concern is they will be
discovered by one of the TAS platform Pentiums in an ATC project, given all the
devices in operation at the time. What this means for our model is that we can
remove a block of time from April 1999 to, say, July 2006 and continue the
probability model at the later time. We can then calculate the probability of
errata being discovered during any one hour over the time period of interest
starting in July 2006 (or another suitable starting date).

According to our model of the errata discovery process, the rate of discovery
is a maximum at the start of the time period and decreases with each succeeding
month. The value for the first month is 0.678 errata per month. If we assume this
applies uniformly over the month then the rate per hour is 0.678 / (30 x 24) =
0.000942. The rate after 5 years is virtually zero (less than 10%"). This means
that the worst-case rate of discovery of errata that will cause a threat is,

P, =0.6x0.000942 = 0.000565 (16)

per hour, and this corresponds to the first hour of operation beyond April 1999.
7.6 Probability of threat per train processor

Our model includes all of the Pentium Il processors operating in the world,
including those in a particular ATC project. These processors are operating on
either different applications or different data on similar applications. Either way
it is reasonable to assume that all of these processors are operating independently
and there is a uniform probability that any one of these processors could discover
errata.

Of interest here is the probability that one of the TAS platform Pentiums will
discover the errata. We assume there are 85 TAS platform modules planned for a
typical ATC system. There are conservatively 10 million Pentium Il devices in
operation, all of which are performing calculations more or less continually as
are the TAS platform Pentiums. Therefore the probability that a TAS platform
Pentium Il will be the unlucky candidate is,

P, =85/10" =8.50x10 °. 17

According to the assumptions of this section the operation of the redundant
processors in the TAS platform module provides no advantage. There are three
Pentium devices configured to detect independent random failures using a 2003
majority-voting scheme. At one extreme we can argue that since the three
devices operate with identical software on identical data there is a high
probability that they would all discover the same errata at the same time and the
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redundancy is of no use. Therefore, for this section of the analysis the three
devices will be considered as one and the probability of the redundancy failing is
by default,

P, =1.0. (18)

We can now calculate the probability of one of the ATC TAS platform
devices encountering threatening errata in the first hour of operation as,

P, =P,P.P,=481x10". (19)

7.7 Probability of hazard

Encountering threatening errata does not necessarily present a hazard. Even if an
erroneous telegram is transmitted, and there are no errors in transmission, the
received telegram must undergo some checks before it is accepted. Of the many
checks performed we cannot rely on any of those involving data appended to the
telegram after it is generated. These include sequence numbers, CRC checksums,
authentication hashes or encryption. The only candidates for protection against a
threatening telegram are the persistency and consistency checks. A threat can
only become a hazard if these checks fail.

Again, according to the assumptions of this section, the operation of these
telegram checks, at this time, is assumed to provide no advantage. Therefore, the
probability of the checks failing on all three Pentium devices is by default,

P, =10 . (20)

The final calculation for the probability of a hazard during the first hour of
operation is then,

P,=PP, =4.81x10"°. (21)

Using the model for errata discovery we can plot the probability over time as
shown in figure 5. Note that the target of 10 is met after 5 months of operation.
This will cover the period of testing before the system goes into operational
service.

8 Conclusions

We have defined a main hazard as action taken on an unintended telegram, and
mathematically modeled the probability of occurrence due to undiscovered
Pentium processor errata that are a threat to the system. We have used standard
probability distribution functions with parameters selected by fitting the model to
actual field data in order to predict the number of threatening errata yet to be
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discovered. With worst case assumptions the results indicate that the probability
of a hazard meets the target of 10 per train hour of operation within 5 months
from power-up (start of computing), a period of time which will easily be
covered by system testing and commissioning and long before the system goes
into revenue service.

1.0E-08

1.0E-08 4

1.0E-10 4

1.0E-12 4

1.0E-14 4

1.0E-18

Probability of Main Hazard per train-hour

1.0E-18

1.0E-20 T T T T
[1} 5 10 18 20

Months in Operation

Figure 5: Probability of occurrence of the main hazard per train-hour of
operation based on only the rate of discovery of errata in the
Pentium |1 processor.

9 List of variables

h = failure rate (1/h = MTBF)

p(t) = probability density function

P(1) = cumulative probability function

S = learning factor

n = number of processors in operation

N = rate of increase in the number of processors in operation
tp = mean (in months) of units in operation

=20

o = standard deviation (in months) for units in operation

A = mean time to fault discovery (in months)

F = fraction of errata that are threatening

P, = main hazard probability (per train hour)

N, = number of threatening errata to be found

P, = probability of a processor discovering errata

Prp = probability of a TAS platform processor being involved
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P,= probability of redundancy process failing
P, = probability of TAS platform processor discovering threatening errata
P,,= probability of data checking process failing
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It has the following basic structure:
If (OpCondition[Filter]) Then (OpAction[Filter]), where “OpCondition”
describes an operational scenario involving one or more train services.
“OpAction” is either “Insert (e.g., register a facultative train service)”, “Delete
(cancellation of a train service)” or “Change (e.g., waiting time)” plan elements.
OpCondition and OpAction may both be related to filters, restricting their
validity in
- geography (e.g., region, line, station, operational point);
- time (e.g., operating days, daytime interval); and
- operation (e.g., train category, train operating company, delay, passenger

occupancy degree).

If no time is specified for the OpAction filter, the OpAction is valid as long as
the OpCondition is matched. This is especially useful when formulating rules for
deadlock detection and prevention as suggested, e.g., in [4] and [5]. OpCondition
and OpAction may also include threshold values and parameters as well as logic
terms “and”, “or” and “not”. Another option is the use of projected track
occupation information in order to derive forthcoming (knock-on) delays and
conflicts, i.e., conditions such as “If (... and +delay at next stop > m minutes...)”.

Control Law example:

If (a regional passenger train A is delayed more than n minutes between station
X and Y and a IC train B running behind it is hindered by A in off-peak hours)
Then (A shall have an extra stop in track t at station Y in order to let B pass).

In a similar way, all other typical train prioritisation rules can be formulated.

5.1.2 Meta Control Laws (MCL)

Since OpConditions and OpActions may be formulated using different levels of
abstraction, it is useful to distinguish between Control Laws that can be directly
applied to existing data entities and more general rules, which need entity
instantiation and extension and by that, producing itself a set of concrete Control
Laws. Such general rules we call Meta Control Laws (MCL).

Meta Control Law example:
If (delayed regional passenger traffic causes hindrances to long distance traffic in
off-peak hours) Then (overtaking should take place).

It is intended to make the use of Meta Control Laws as flexible as possible
since this minimises the amount of manual work and the high abstraction level of
MCLs ensures long term consistency disregarding detailed changes of plan,
infrastructure or other planning data over different timetable periods.

Since by definition, the scope of MCL validity is not limited it is evident to
use this new concept for official access and regulation rules as well as for
complete network strategies. Moreover, such rules and strategies are easy to
change in order to derive performance keyfigures for different scenarios.
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5.1.3 Open API for dispatching plug-in

Another approach for powerful, predictable, comprehensible dispatching
decisions is the supply of a C++ program interface (API) for dispatching: Our
concept includes the provision of information services (based on the current
simulation situation and the planned schedule) to an external software plug-in
that decides on dispatching questions like unscheduled overtaking. Alternatively,
a user-editable script language (LUA, Python) can be used for this purpose,
enabling rapid configuration of dispatching tasks.

5.2 The restarting mechanism

As the simulation event protocol (SEP) contains all information to display a
simulation at a certain point in time, it also contains the information to restart a
simulation at a certain point in time, possibly with modified parameters. This
enables us to look at possible applications:

5.2.1 Interactive refinement of dispatching

It is easier to tune the dispatching algorithm, if one can look at a certain
situation, where something went wrong. The user could manipulate the Control
Laws and restart the simulation at this situation. This cycle can be repeated
quickly until the desired behaviour is achieved.

5.2.2 Automatic refinement of dispatching
In case of deadlocks or other undesired dispatching effects, the simulation could
use backtracking to find a feasible solution.

5.2.3 Real time dispatching

If there is a possibility to receive (partial) information about the current train
positions, these information can be merged into the simulation at this point in
time. Together with the possibility to adjust dispatching decisions interactively
(see Section 5.2.1) this would lead to a powerful support tool for real time
dispatching.

6 Conclusions

We described the background, the main goals and some of the underlying
concepts for successfully building RTCSIM as an extendable computational
engine for timetable validation. We believe that the implementation of these
concepts was very successful, leading to a future-safe basis for further
development, for which we gave a short overview.

One of the most important innovations of RTCSIM lies in the ability of
applying time reversion in simulation visualisation and re-entry into
retrospective simulation events (backtracking). This ability can be used for pre-
emptive dispatching rules taking prospective delay or conflict situations into
account.
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Our approach includes the provision of a Control Law plug-in for RTCSIM,

which represents an open interface for external experts for defining and testing
dispatching procedures on their own.

We introduced Meta Control Laws (MCL) as a major concept for mapping of

high level rules for regulation and network strategy. MCLs are supposed to serve
as a major planning instrument of forthcoming simulation applications.

The XML based RTCSIM communication interface facilitates easy integration

in other operational planning system environments.
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Evaluating stochastic train process time
distribution models on the basis of empirical
detection data

J. Yuan, R. M. P. Goverde & 1. A. Hansen
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Delft University of Technology, The Netherlands

Abstract

This paper evaluates several commonly applied probability distribution models
for stochastic train process times based on empirical data recorded in a Dutch
railway station, The Hague Holland Spoor. An initial guess of model parameters
is obtained by the Maximum Likelihood Estimator (MLE). An iterative
procedure is then followed, in which large delays are omitted one by one and the
distribution parameters are estimated correspondingly using the MLE method.
The parameter estimation is improved by minimizing the Kolmogorov-Smirnov
(K-S) statistic where of course the empirical distribution is still based on the
complete data set. A local search is finally performed in the neighbourhood of
the improved model parameters to further optimize the estimation. To evaluate
the distribution models, we compare the K-S statistic among the fitted
distributions with optimized parameters using the one-sample K-S goodness-of-
fit test at a commonly adopted significance level of a = 0.05. It has been found
that the log-normal distribution can be generally considered as the best
approximate model among the candidate distributions for both the arrival times
of trains at the platform and at the approach signal of the station. The Weibull
distribution can generally be considered as the best approximate distribution
model for non-negative arrival delays, departure delays and the free dwell times
of late arriving trains. The shape parameter of the fitted distribution is generally
smaller than 1.0 in the first two cases, whereas it is always larger than 1.0 in the
last case. These distribution evaluation results for train process times can be used
for accurately predicting the propagation of train delays and supporting timetable
design and rescheduling particularly in case of lack of empirical data.

Keywords: train delays, running and dwell times, track occupancy times,
statistical distribution, the K-S test.
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1 Introduction

Modelling the distribution of train process times is an important research topic.
Arrival and departure delay distributions reflect the punctuality level of trains at
stations. Based on the distribution of input delays of trains at the boundary of a
railway network and the distribution of primary delays within this network, the
distribution of knock-on delays and that of the resulting exit delays can be
estimated, which supports timetable design and operations management [10].

Train process time distributions are often assumed based on experiences from
real operations and limited literature [2], [3], [6], [8], [9] exists with respect to
statistical inference of the distributions using empirical data observations. Track
occupation and release records show the total delays of trains and may include
knock-on delays. Therefore, data filtering is necessary to fit the distribution of
primary delays on the basis of train detection data [9]. To the best of our
knowledge, there is no publication that evaluates the conditional train running
and dwell and track occupancy time distributions in the case of different aspects
of relevant block signals, which can be used for estimating knock-on delays
more accurately [10].

This paper evaluates several commonly applied distribution models for
stochastic train process times on the basis of empirical traffic data recorded in a
Dutch railway station The Hague Holland Spoor (The Hague HS). The
evaluation of distribution models is performed not only for the arrival times
(delays), non-negative arrival delays and departure delays of trains at the station,
but also for the arrival times of trains at the boundary of the local railway
network and the train running, dwell and track junction occupancy times within
the local network. This paper is structured as follows. Section 2 outlines the
distribution models to be evaluated and the evaluation method. The results of the
distribution evaluation for the process times of trains are then discussed in
Section 3. Finally, the main conclusions are drawn in Section 4.

2 Distribution models and the evaluation method

A variety of theoretical probability distributions, including the normal, uniform,
exponential, gamma, beta, Weibull, and log-normal distributions [5], have been
adopted in the literature to model the stochasticity of train process times. Given a
continuous distribution model, the parameters are estimated on the basis of
empirical data using e.g. the maximum likelihood method. The resulting fit can
be tested using the Kolmogorov-Smirnov (K-S) goodness-of-fit test. This test is
based on the K-S statistic, defined as the maximum absolute difference between
the empirical and fitted cumulative distribution function [S]. However, the
estimated parameters are generally sensitive to outliers in the data set. We
therefore used an iterative parameter estimation method. An initial guess of the
model parameters is obtained using the Maximum Likelihood Estimator (MLE)
of the complete data set. Next, the large delays in the original data set are
omitted iteratively one by one estimating the distribution parameters
correspondingly using the MLE method. In each iteration, we compute the K-S
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statistic where of course the empirical distribution is still based on the complete
data set. The iterative procedure terminates if the K-S statistic cannot be
decreased any more. After the iterative procedure, we apply a local search in the
neighbourhood of the parameter estimate to further optimize the parameter
estimation by minimizing the K-S statistic. It should be mentioned that the
location parameter of each distribution model except for the normal distribution
was taken as the minimum value of the empirical data observations.

To evaluate the candidate distributions, we compare the K-S statistic among
the fitted distributions with optimized parameters using the one-sample K-S test
[5] at a commonly adopted significance level a = 0.05. To visualize the quality
of distribution fitting for the process times of trains, we compare the fitted
distribution density curve with the kernel estimate and empirical histogram [7]
and apply the distribution differences plot [1] for the fitted distribution and the
empirical one.

3 Evaluation results

The distribution of train process times may depend on the types and routes of
trains. We hence evaluate the distribution models for the process times of trains
per train series in both the southbound and northbound directions at The Hague
HS railway station.

3.1 Arrival times

The modelling of train arrival time distribution is a prerequisite for predicting the
propagation of train delays at stations. To incorporate the impact of the knock-on
delays caused by route conflicts in a delay propagation model, we need to
distinguish the arrival times of trains at the station platform from that at the
approach signal of the station. Early arriving trains are often considered as
punctual trains in some delay propagation models [4], where the distribution of
non-negative arrival delays is of the main concern.

It has been found that the location-shifted log-normal distribution is the best
approximate model among the candidate distributions in 9 and 11 of the 14
considered cases for both the arrival times of trains at the approach signal of the
station and at the platform track, respectively. This distribution model has not
been rejected by the K-S test in 9 and 10 of the 14 cases for both the arrival
times. The optimized parameters and the K-S test results for the log-normal
distribution are given in Table 1, where p and ¢ represent the mean and standard
deviation of the underlying normal distribution and p denotes the p-value [5] of
the K-S test.

Figure 1: shows the optimized log-normal distribution density curve, kernel
estimate and empirical histogram for the arrival times of the northbound intercity
train series IC2100N at the approach signal of the station. The corresponding
distribution differences plot is shown in Figure 2:, where the two dotted
horizontal lines represent the critical error bounds for the K-S test. In both
figures, the reference time is defined at the scheduled arrival time of the studied
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train series at the station. The optimized log-normal fit matches well the
empirical data. In this case, the distribution differences plot does not cross the
error bounds, therefore the location-shifted log-normal distribution has not been
rejected by the K-S test.

Table 1:  Optimized parameters and the K-S test results of the log-normal fit
for the arrival times of trains in The Hague HS.

Train At the approach signal At the platform track
Series p o Best p p o Best p
IR2200S 46 0.6 x 003 48 06  0.16
IC2100S 43 07 ~ 061 45 07 ~ 038

IC24008 42 08 + 025 44 09 042
INT600S 49 0.7 X 0.18 50 05 N 0.20
HST9300S 4.8 0.9 X 0.01 48 09 X 0.00
ARS000N 47 04 + 000 47 05 + 0.0
ARSIOON 45 05 + 000 46 05 + 0.00
IR2200N 46 04 X 0.00 45 05 X 0.00
IC1900N 49 0.6 X 0.15 5.1 0.5 X 0.16
IC2100N 5.0 0.7 N 055 5.0 0.7 N o014
1C2400N 48 0.6 N 031 49 06 N 0.79
IC2500N 48 06 ~ 013 49 05 + 015
INT60ON 48 07 + 026 49 06 022
HST9300N 4.6 0.7 + 038 46 08 + 030
r.‘I 0
Kemel estimate =
- Log-normal fit z
= —
SN O ot e approseh sigma o]
Figure 1:Log-normal fit, kernel Figure 2: Distribution differences plot
estimate and histogram for for the log-normal fit and the
the arrival times of IC2100N arrival times of IC2100N at
at the station approach signal. the station approach signal.

We have also evaluated the candidate distributions for non-negative arrival
delays of trains at the platform track. The Weibull distribution is the best fit
among the candidate distributions in 7 of the total 18 studied cases. This
distribution model has not been rejected by the K-S test in 17 of the 18 cases.
Since the exponential distribution has been widely used to model the
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stochasticity of non-negative arrival delays [2], [6], [9], we visualize the
goodness-of-fit of both the Weibull and exponential distributions in Figure 3:
and Figure 4: for the northbound intercity train series IC2100N. The non-
negative arrival delays fit to the Weibull distribution with a shape parameter of
0.8 overall better than the exponential distribution especially at the range of
larger delays. Both the distributions have not been rejected by the K-S test in this
case.

Whi fin
~== Exp fit

Whi fit

|.'\\\ Exp fit
5
4 \

Probability densaty

2

':“"‘“-.__ EFH

s ror— 02

0 60 120 150 240 300 360 420 480 540 600 660 720 0 60 120 180 240 300 360 420 480 540 600 660 720
Non-negative arrival delay IC2100N [s) Non-negative arrival delay IC2100N [s)

Figure 3: Fitted density curves and Figure 4: Distribution differences plots
histogram of non-negative for non-negative arrival
arrival delays of IC2100N. delays of IC2100N.

In conclusion, the log-normal distribution can be generally considered as the
best model among the candidate distributions for both the arrival times of trains
at the platform and at the approach signal of the station. The Weibull distribution
matches well non-negative arrival delays. For simplicity, we may use the
exponential distribution, which is a special type of the Weibull distribution, to be
as an approximate distribution model for non-negative arrival delays if the
density is decreasing.

3.2 Departure delays

Departure delays are non-negative since trains are not allowed to depart from the
station earlier than the scheduled departure time. The distribution of departure
delays can be used to predict the distribution of outbound track release times and
the distribution of train arrival times at the following stations.

It has been found that the Weibull distribution is the best approximate model
among the candidate distributions for the departure delays of trains in 11 of the
total 18 studied cases. The exponential distribution is the best approximate
model in 2 of the 18 cases. In addition, both the distributions have not been
rejected by the K-S test in 10 of the total 18 cases. Figure 5: and Figure 6:
visualize the goodness-of-fit of both the Weibull and exponential distributions
for the departure delays of the southbound intercity train series IC2400S. Early
arriving trains usually do not depart very late and some trains may arrive at and
depart from the station very late, which results in a very steep histogram of the
departure delays. The Weibull fit with a shape parameter of 0.8 matches the
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delays overall better than the exponential fit. In this case, the former distribution
has not been rejected while the latter distribution has been rejected by the K-S
test. Thus, we can generally consider the Weibull distribution to be as the best
approximate model among the candidate distributions for departure delays. Just
like for non-negative arrival delays, the exponential distribution can be
considered as an approximate distribution model for departure delays if the
density is decreasing.

0015 02
Whi fit
~e---Exp fit

Whi fit
13 ~=== Exp fit

0012

tcal distribution

000 b

Probability density
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Departure delay 1024008 [s] Departure delay FC24008 [s]

Figure 5: Fitted density curves and Figure 6: Distribution differences plots
histogram  of  departure for departure delays of
delays of 1C2400S. 1C2400S.

3.3 Dwell times

The dwell times of trains are the difference between the arrival and departure
times. Early arriving trains generally have much longer dwell times and they are
not of our main concern. To estimate the knock-on delays and departure delays
of trains at stations, it is critical to obtain the distribution of the free dwell times
for late arriving trains [10]. The free dwell time of a train is defined as the
necessary dwell time for passenger alighting and boarding in the absence of
hindrance from other trains.

We fit the free dwell time distribution for late arriving trains per train series in
one direction using the dwell time observations of the trains that satisfy

A >a and C, < 4 +30

where, 4; and a; denote the actual and scheduled arrival time of train i at the
platform track and C; represents the clearance time of the outbound route of this
train. The unit of these times is in seconds. Late arriving trains are selected by
the former inequality and the latter inequality ensures that the chosen trains are
not hindered by other trains at the station after a minimal dwell time of 30 s.

It has been found that the Weibull distribution is the best approximate model
among the candidate distributions for the free dwell times of late arriving trains
in 16 of the total 18 studied cases. In addition, this distribution model has not
been rejected by the K-S test in all the cases. Figure 7: and Figure 8: visualize
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the goodness-of-fit of the Weibull distribution model with a shape parameter of
1.9 in case of the northbound interregional train series IR2200N. The fitted
distribution matches well the kernel estimate for the empirical data and it has not
been rejected by the K-S test. In conclusion, the Weibull distribution with a
shape parameter larger than 1.0 is the best approximate model among the
candidate distributions for the free dwell times of late arriving trains.

0.018 02
— Kemel estimate

o} Weibull fit
k]

bap ™

£
£ 0.006

A
Fitted distribution-Empirical distribution
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Free dwell time IR2Z200N [5]
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3.4 Running times and track occupancy times

The distribution of train running times and that of track occupancy times are
required to estimate the propagation of train delays in a railway network. In this
paper, we focus on statistical distribution of the running times of trains on the
preceding block of The Hague HS station and that of the occupancy times of
adjacent junctions around this station.

In case of an approaching train, if the inbound route is released earlier than
the time of the train arriving at sight distance of the approach signal, the train
approaches the station at the free running speed. Otherwise, the train is hindered
and has to decelerate and even stop on the preceding block of the station. To
accurately estimate the knock-on delays caused by route conflicts in a station
area, it is necessary to investigate the conditional distributions of inbound train
running and track occupancy times in the case of different aspects of the
approach signal and home signal of the station. For a departing train, if it is
hindered due to outbound route conflicts, it dwells at the station for a longer
time, but running on the next track sections will not be hindered again. In this
case, the conditional distributions are not applicable.

To model the conditional distributions of inbound train running and track
occupancy times based on a statistical analysis of the empirical data, the first
step is to classify the data observations. By comparing the arrival time of each
train at the approach signal to the clearance time of the inbound route, we have
extracted a data set suited for fitting the free train running and track occupancy
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time distributions in each studied case. A hindered approaching train may pass
the home signal with reduced speed without a stop or with acceleration speed
after a stop in front of this signal. Since the standstill of a train on track is not
recorded, we cannot directly identify whether or not a hindered train stops before
the home signal based on track occupancy and release records. Adopting the k-
means routine within the statistical analysis tool S-Plus [7], we have split the
data sample of hindered trains for each studied train series into two separate parts
which correspond approximately to the two cases mentioned in the above.
However, for the hindered trains that stop before the home signal, it is still
unknown when these trains stop. Therefore, we have lack of the running times of
these trains on the preceding block of the station.

For the free running times of trains on the preceding block of the station, most
of the candidate distributions have been rejected by the K-S test. Both the
Weibull and normal distributions have not been rejected by the K-S test in 2 of
the total 13 studied cases. In addition, each of these distributions is the best
approximate model among the candidate distributions in 5 of the 13 cases. For
inbound junction occupancy times by the free passing trains, the Weibull
distribution is the best approximate distribution model in 3 of the total 4
considered cases and has not been rejected by the K-S test. The normal and
Weibull distribution is the best fit among the candidate distributions for
outbound track occupancy times in 2 and 1 of the total 3 considered cases,
respectively. In addition, both the distributions have not been rejected by the K-S
test in 2 of the 3 cases. The goodness-of-fit of the Weibull and normal
distributions for the above-mentioned train process times is shown in Figure 9:
and Figure 10:, respectively.

LR} il
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o Weibull fit Normal fit
.08 / 008

3 1] ¢ 335 60 65 0 T3

L 3 3 3 5oE0 85 90
Inbound junction eccupancy times of free running trains 1IC21008 [s] Cratbound track occupancy time IC1900N [s]
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Figure 9: Weibull fit, kernel estimate Figure 10:Normal fit, kernel estimate

and histogram for inbound and histogram for outbound
junction occupancy times of junction occupancy times of
free running trains 1C2100S. IC1900N.

In the case of the hindered trains that do not stop before the home signal, the
Weibull and normal distribution is the best approximate distribution model for
the running times on the preceding block of the station in 2 and 1 of the total 6
considered cases, respectively. In addition, both of the distributions have not
been rejected by the K-S test in the 6 cases. For inbound junction occupancy
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times by the hindered trains, the normal and Weibull distribution is the best
approximate distribution model in 2 and 1 of the 5 considered cases and these
distributions have not been rejected by the K-S test in the 5 cases. In the case of
the hindered trains that stop before the home signal, the inbound junction
occupancy times fit best to the normal distribution in the two considered cases
and this distribution has not been rejected by the K-S test in one of the two cases.
The goodness-of-fit of the Weibull and normal distributions for the
above-mentioned train process times is given in Figure 11: and Figure 12:,
respectively.
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Figure 11: Weibull fit, kernel estimate Figure 12: Normal fit, kernel estimate

and histogram for inbound and histogram for inbound
running times of hindered junction occupancy times of
INT600S that do not stop hindered INT600S that stop
before the home signal. before the home signal.

In conclusion, it is difficult to find a good distribution for the conditional train
running and track junction occupancy times in the case of different aspects of
relevant block signals. This might be because of the big variation of train speed
on the short track sections in the complicated station and junction area.

4 Conclusions

We have compared several commonly applied distribution models for train
process times on the basis of empirical train detection data recorded at a Dutch
railway station The Hague HS. It has been found that the log-normal distribution
can be generally considered as the best approximate model among the candidate
distributions for both the arrival times of trains at the platform and at the
approach signal of the station. The Weibull distribution can generally be
considered as the best approximate distribution model for non-negative arrival
delays, departure delays and the free dwell times of late arriving trains. The
shape parameter of the fitted distribution is generally smaller than 1.0 in the first
two cases, whereas the shape parameter is always larger than 1.0 in the last case.
For simplicity, the exponential distribution can be used as an approximate
distribution model for non-negative arrival delays and departure delays if the
density is decreasing.
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Abstract

This paper describes the relatively new UIC 406 method for calculating capacity
consumption on railway lines. The UIC 406 method is an easy and effective way
of calculating the capacity consumption, but it is possible to expound the UIC
406 method in different ways which can lead to different capacity consumptions.
This paper describes how the UIC 406 method is expounded in Denmark.

The paper describes the importance of choosing the right length of the line
sections examined and how line sections with multiple track sections are
examined. Furthermore, the possibility of using idle capacity to run more trains
is examined.

At the end of the paper a method to examine the expected capacity utilization
of future timetables is presented. The method is based on the plan of operation
instead of the exact (known) timetable.

Keywords: capacity, capacity analysis, compressed timetable graphs, timetable,
UIC 400, railway, railway operation.

1 Introduction

The UIC 406 leaflet from year 2004 [9] describes a simple, but fast and effective
way to evaluate the capacity utilization of railway lines. The capacity analyses
carried out during the last years using the UIC 406 method have been presented
in a number of papers (e.g. [3] and [10]). However, it is possible to expound the
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UIC 406 method in different ways which can lead to different results. In spite of
that fact, hardly any analyses of the differences have been carried out.
This paper describes the UIC 406 method (cf. section 3) and a number of
analyses carried out to generate a Danish consensus of expounding the UIC 406
leaflet for capacity analysis. A number of different analyses on relevant Danish
railway lines have been carried out including:
e The length of the railway section examined (cf. section 4)
e The allowance of changing tracks on railway lines with multiple track
sections (cf. section 5)
e  The possibility of using idle capacity to run more trains (cf. section 6)
e  The possibility of using the plan of operation instead of the exact
timetable (cf. section 7)
At the end of the paper some conclusions and perspectives of the UIC 406
method are listed (in section 8).

2 Definitions

This paper uses terminology usually used in the railway literature. However,
since the terminology differs from country to country, an overview of the
terminology used in this paper is provided in Table 1.

Table 1: Short description of terminology.

Term

Explanation

Block occupation
time

The time a block section (the length of track between
two block signals, cab signals or both) is occupied by a
train

Buffer time

The time difference between actual headway and
minimum allowable headway

Headway distance

The distance between the front ends of two
consecutive trains moving along the same track in the
same direction. The minimum headway distance is the
shortest possible distance at a certain travel speed
allowed by the signalling and/or safety system

Headway time

The time interval between two trains or the (time)
spacing of trains or the time interval between the
passing of the front ends of two consecutive (vehicles
or) trains moving along the same (lane or) track in the
same direction

Running time
supplement

The difference between the planned running time and
the minimum running time

Some of the terms described in Table 1 are further illustrated in Figure 1.
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Figure 1: Time definitions [7].

3 The UIC 406 method

A detailed description of the UIC 406 method for capacity calculation is given in
[9]. However, a brief description of the UIC 406 method will be given here.

Capacity consumption on railway lines depends on both the infrastructure and
the timetable. Therefore, the capacity calculation according to the UIC 406
method is based on an actual timetable.

Timetables are created for the entire network and not only the line or line
section which is of interest according to the capacity analysis. This means that
the timetable in the analysis area depends on the infrastructure and timetable
outside the analysis area — the so-called network effects [1]2]. These so-called
network effects are not taken into account in the capacity analysis, why the
capacity used according to the UIC 406 method will be less than or equal to the
actual capacity consumption.

The capacity calculation is based on the compression of timetable graphs on a
defined line or line section. All single train paths are pushed together to the
minimum headway time, so that no buffer times are left. The compression of the
timetable graph has to be done with respect to the train order and the running
times. This means that neither the running times, running time supplement, dwell
times or block occupation times are allowed to be changed. Furthermore, only
scheduled overtakings and scheduled crossings are allowed.

4 The length of the railway section examined
The capacity calculation is based on compression of timetable graphs on defined

line sections as described in section 3 and in [9]. However, the timetable graphs
can only be compressed as the critical block section allows. Therefore, it is
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important not to split the railway line into several smaller line sections
uncritically, while the critical block section thereby might be excluded from the
analysis.

The critical block section is the block section which is occupied for the
longest time. For homogenous traffic the critical block section can be anywhere
on the line, but normally the critical block section is located close to a station or
halt due to the reduced speed [4]. For inhomogeneous traffic like the Coast Line
(Kystbanen) in Denmark (cf. Figure 2) the critical block section is usually
located where the fast trains catch up with the slower trains.
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Figure 2: Train stopping patterns for the Coast Line in the rush hours (20 min

service).

On the railway line between Copenhagen (@sterport) and Elsinore — the Coast
Line — there is an inhomogeneous traffic (cf. Figure 2). The critical block
sections or bottlenecks on the Coast Line are at Nivd and Hellerup where the
trains catch up with each other. To analyse the capacity utilization of the
bottlenecks it was decided to use the UIC 406 method, cf. Figure 3.
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Figure 3: Timetable graph compression according to the UIC 406 method.
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To test the UIC 406 method, 3 different line sections were examined. The 3
line sections were Kokkedal-Humlebak, Helgoland-Klampenborg and the whole
line section between Helgoland and Elsinore. The results from the analysis show
a big difference in the capacity utilization at the bottlenecks, cf. Table 2.

Table 2: Capacity utilization on the Coast Line according to the UIC 406
method during the rush hour.

Capacity utilization in %
Niva Hellerup
Short line sections 49 46
All line sections 94 84
Difference 45 38

Table 2 shows that the short line sections give much lower capacity
consumption than the whole line section. The low capacity utilization at the short
line sections can lead to the wrong conclusion that there is room enough to run
more trains. However, running more trains will make it more or less impossible
to keep a good punctuality (see section 6).

Based on the results from the Coast Line it can be concluded that it is
important to examine the whole railway line and not just a smaller area when
capacity analyses are carried out. However, it is not always possible to examine a
whole railway line due to the analysis resources. Therefore, the effort has to
focus on the analysis examining where the railway line can be divided into
smaller line sections. Furthermore, it is necessary to be careful when comparing
capacity utilizations and only compare relatively.

5 Changing between tracks at stations and at lines with more
than two tracks

Compressing timetable graphs according to the UIC 406 method can lead to
discussions on line sections with quadruple tracks. An example from the
Capacity analysis of the line between Copenhagen and Ringsted [8] illustrates
the problems. A freight train is running from Ringsted to the freight terminal at
Hgje Taastrup. Simultaneously with the freight train passing Roskilde, a regional
train from Lejre towards Copenhagen leaves Roskilde, cf. Figure 4.

When compressing the timetable graphs there will inevitably be a conflict
because the trains have to change use of track at either Roskilde or Heje Taastrup
station. The capacity consumption of the line section depends on which train
runs on which track between Roskilde and Heje Taastrup and thereby where the
conflict between the trains occurs, cf. Figure 4.

Using the UIC 406 method on line sections with quadruple tracks it has (in
Denmark) been decided to give priority to the track occupations of the actual
timetable or a timetable with a minimum number of conflicts. In the Danish
method it is only allowed to move one or more trains from one track to another if
there is an unequal utilization of the tracks. Not until then is the consideration of
passenger preferences taken into account. The passenger preferences are only
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taken into account late in the process, since the UIC 406 method is used for
capacity analysis.

Roskilde Trekroner Hedehusene Haje Taastrup
) —
To L‘e\jre — .
— — I -
Ringsted‘“\ .................. / e / — >< %
From La:e\' [— )
5 — Freight terminal .-"Conﬂict zone
Toffrom Kage .:Conﬂict zone*
Figure 4: Conceptual track layout for the line section Heje Taastrup —
Roskilde.

Quadruple track sections are usually used for fast trains to overtake slower
trains. In the Danish way of using the UIC 406 method for capacity analysis, it
has been decided that the order of the trains has to be the same as in the reference
timetable (cf. Figure 5 a) in both ends of the line section when compressing the
timetable graph (cf. Figure 5 b). The train order has to be the same in both ends
of the line section even though the timetable graphs can be compacted more if
the trains change the order (cf. Figure 5 c). The train order has to be the same
due to the limitations of the infrastructure and timetable outside the analysis area
— the so-called network effects [1]2].

Figure 5: Timetable compression on quadruple track.

6 The possibility of using idle capacity to run more trains

The UIC 406 method describes the amount of capacity used on a certain railway
line. However, not used capacity can not always be used to run more trains. In
Figure 6 it is shown how the buffer times between the trains can give idle
capacity by compressing the timetable graph and thereby make it possible to run
an extra train.
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It is, however, not always possible or wise to use the idle capacity or buffer
time to run more trains. If there is a larger block section outside the evaluation
area, it is not possible to run an extra train due to the lack of capacity outside the
evaluation area, cf. Figure 7.

Even though it is possible to run more trains, it is not always wise to do so
because it will reduce the buffer times. By reducing the buffer times, the risks of
secondary delays are increased. Furthermore, the dispatching of the trains is
made more difficult due to more trains in the system. Everything considered, the
idle capacity can not always be used to run more trains. A weighing of the
punctuality of the trains and the capacity utilization has to be done, so that the
punctuality will not drop below a certain limit, cf. Figure 8.

7 The possibility of using the plan of operation instead of the
exact timetable

It is difficult to analyse the capacity of a railway line which has not yet been
built since the timetable for the opening year is unknown. Furthermore, the
timetable can be changed over time. Therefore, examining the capacity
utilization based on the plan of operation instead of the final timetable for the
opening year is preferred. Since the capacity utilization is influenced by the order
of the trains, it is necessary to make some assumptions of the train order or use
methods used for successive calculation.

Using successive calculation, the average capacity utilization can be
calculated as a weighted average of one (or more) likely value(s), the maximum
value and the minimum value as shown in eqn (1):

MinValue +(3- ActualValue ) + MaxValue
5 .

Average = (1)
The minimum value (MinValue) and the maximum value (MaxValue) of a plan
of operation can be found by arranging the trains, so that the trains utilize as little
or much capacity as possible, cf. Figure 9.
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Figure 9: Plan of operation utilizing as little (a), as much (b) capacity as

possible and an “actual” capacity consumption (c).
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Beside the values for the minimum and maximum capacity utilization it is
also necessary to calculate 3 actual values for the capacity utilization, cf. eqn (1).
This is due to the fact that the infrastructure outside the section of examination
can limit the number of ways the trains can be ordered.

8 Conclusion and perspectives

The analysis has shown that the capacity utilization on railway lines is very
responsive to the network examined. Therefore, the capacity utilization should
only be compared relatively. In Denmark it has not yet been decided where to
split the railway lines into smaller line sections — this work still remains to be
done.

When there is a quadruple track available, it has been decided that the track
occupations of the actual timetable should be used. If there is no actual timetable
the timetable with the minimum number of conflicts should be examined instead.
It is furthermore only allowed to move a train from one track to another if there
is an unequal utilization of the tracks. The conditions for passengers transferring
to e.g. busses are not taken into account.

Even though the capacity analysis shows that it is possible to run more trains
in the section analysed, it is not always possible. The analysed line section can
be too short to see that it is not possible to run more trains (e.g. due to capacity
restrictions outside the analysis area) — the so-called network effects.

All the analyses have been carried out in the timetable and simulation
software RailSys, but can also be carried out in the timetabling system
STRAX/TPS which is used by the Danish railway agencies [6]. The result of the
analysis is a common Danish method to evaluate the capacity utilization of
railway lines in Denmark.
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A method to estimate passenger flow with
stored data at ticket gates
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Abstract

In order to improve railway diagrams, it is necessary to grasp the flow of railway
passengers in detail. However, it is impossible to accomplish this goal only by
counting the number of on-board passengers. We have developed a method to
estimate the passenger flow based on OD (Origin & Destination) matrix data
collected from ticket gates in hundreds of stations and timetables of thousands of
trains. By analyzing the estimated results, it is possible to obtain the histograms
of the number of passengers aboard each train for each destination, the number
of passengers boarding and disembarking at each station, the number of transfer
passengers at each station and other relevant factors. We have also developed a
proto-type system based on this method assuming that all passengers choose
shorter time paths. The estimated number of on-board passengers with this proto-
type system has a strong correlation with the number reported by train
conductors.

Keywords: passenger flow, ticket gate, OD.

1 Introduction

In order to improve railway diagrams or passenger announcement, it is necessary
to grasp railway passenger flow in detail including the number of on-down
passengers on each train and on-board number per each destination. In Japan, the
Ministry of Land, Infrastructure, and Transportation holds the transportation
census in order to perceive a passenger flow of public transportation in three
major metropolitan areas. Japanese government utilise the census data for
planning railway network and public transport operators do for scheduling trains
or planning capital investment. The census provides very detailed data of
passenger flow because passengers corporate with the survey fill their choice of
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transportation mode on the census day. However, there is a problem that
Japanese government holds it only once every five years because it is a
huge-scale survey.

On the other hand, rolling stock incorporated recently is equipped with a
device to measure the total weight of on-board passengers and calculate the
congestion rate. This function will make it possible to obtain a total of
passengers aboard all trains. However, it is time-consuming until every car is
equipped with such function, and this function does not help to obtain on-down
number and passengers’ destination. Therefore, it is necessary to realize a
method to grasp on-board number of each train on any day under the condition
where not every car is equipped with that function and/or to grasp as detailed
data as the Transportation Census.

We have developed a method to estimate passenger flow based on OD matrix
data stored by ticket gates at stations. Although OD data do not provide directly
any information about lines and trains whom passengers took, the method
speculates their choice of paths including their lines and trains. By analyzing
estimated result, it is possible to obtain the number of passengers aboard each
train for each destination, the number of passengers boarding and disembarking
at each station, the number of transfer passengers at each station and other
relevant factors.

We also have developed a proto-type system based on this method assuming
that all passengers select shorter time paths. It takes approximately one hour for
this system to estimate one day’s passenger flow of a railway network that
contains more than 300 stations, and the estimated numbers of on-board
passengers with this proto-type system has a close correlation with the number of
passengers reported by conductors.

2 OD data during each period

OD signifies Origin and Destination. The term “OD data” means each number of
passengers of each OD pair (Figure 1). Ticket gates count the number of
passengers of each OD pair in each partitioned period of one day.

A station B station C station D station
Destination
A B C D
A 50 30 40
£ B 60 40 50
5 C 40 30 40
D 50 60 40

Figure 1: An example of OD data.
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OD data has the following advantages:
e It is possible to obtain the data on any date because gate machines work
everyday.
o  The data is almost complete enumeration because gate machines count
almost all passengers.
In spite of such advantages, OD data has a disadvantage that it does not provide
directly any information about lines and trains that passengers took. Therefore,
we have developed an estimation method assuming their routes and trains.

3 Proposed method to estimate a passenger flow

3.1 Basic idea of the method

The proposed method estimates passenger flow with following steps.

(1) Select a pair of OD from OD data gathered from ticket gates.

(2) Search all paths that those who travel the OD selected in procedure (1).

(3) Calculate the number of passengers on the paths searched in procedure (2)
during each period.

(4) Store the number of passengers calculated in procedure (3).

(5) Repeat procedures (1), (2), (3) and (4) until all pairs have been finished.

(6) Calculate the total number of passengers that pass each link.

| (1) Select one OD pair l:
| (2) Search all paths that passengers of the OD pair might take

|

| (8) Calculate the number of passengers on each path searched in the above procedure

|

| (4) Store the number of passengers on each path |

Finish all OD pairs

(6) Calculate the number of passengers on each link

Figure 2: Procedures to estimate passenger flow.
3.2 Procedure to search paths

As described above, it is necessary to determine passengers’ choice of their paths
in order to estimate a passenger flow using OD data during each period. The
paths in this method contain passengers’ trains as well as their train lines. In
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other words, a path not containing a different train from another one is not same
with the one though they contain same railway line(s) at all. Therefore, estimated
result can provide detailed data about passenger flow.

It is possible to search paths containing trains by transposing behaviours such
as taking a train, disembarking, change of trains and other action to a directed
graph. Figure 3 shows an example of components that make up a directed graph.
In this graph, there are nodes representing departure from a station on a train and
arrival at a station, and links representing travelling on a train, waiting for
departure and change of trains. The weight (or length) of each link is time spent
for the behaviour of travelling aboard a train, waiting for departure and change of
trains when searching shorter time paths. When searching paths with fewer
changes of trains or containing train(s) of fewer congestion rates, we add transfer
resistance and congestion rate to each link in terms of time.

Departure from Arrival at
B Station at 14:41 C Station at 15:02

Travel on a
rapid train

Travel on a Travel on a

local train ;/-\ local train N
“\__/Waiting for departure\__/ "

Departure from Arrival at Departure from Arrival at
A Station at 14:34 B Station at 14:39 B Station at 14:42 C Station at 15:13

Figure 3: Components to make up a directed graph for path finding.

3.3 Calculation of the number of passengers on the searched paths

In this procedure, the estimation method distributes the number of passengers
who travelled the selected OD pair to searched paths during each period. Equal
allocation is the simplest method. With this method, the number of passenger on

each path is Q% where Qy is the number of passengers of the OD pair I

during the period j and n is the number of paths. When difference between

paths is not small, equal distribution is not suitable but logit model is. With
distribution method using a logit model, the estimation method calculates the

number ¢, of passengers on the path k with the formula (1) where V, is the

utility value of the path k .

G=—09; (1)
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3.4 Calculation of the number of passengers on each link

The estimation method calculates the number X, of passengers on the link I
with the formula (2) where ¢g; is the number of passenger of the path J who

moved on the link  and M is the number of paths of all OD pairs. The number
q; is equal to the number of passengers of the path j if the path j contains the

link 7, and the number g is zero if the path j does not contain the link 7.

M
X, =24y @
=)

The whole of X; are the result of estimation.

4 Various data obtained from the estimated result

4.1 A proto-type system

Based on the method, we have developed the simplest proto-type system that
searches shorter time paths and allocates the number of passengers equally. We
have applied this system to estimate passenger flow in the real railway network
in the following condition:

Number of stations: 392

Number of trains: 4,785

Number of OD pairs: 30,604
The specification of the directed graph to search paths in this railway network is
below:

Number of nodes: 216,183

Number of links: 506,233
The system can estimate within an hour with PC whose CPU is 3.6GHz
Pentium® 4 processor.

4.2 Number of on-board passengers

By sorting the numbers of the passengers on links, as shown by thick arrows in
Figure 4, contained in a train into near order from the starting station of the train,
it is possible to obtain the change of number of on-board passengers of the train.
Figure 5 shows an example of a histogram of the estimated number of passengers
of a real train. The train started from (A) station and stopped at every station
from (B) to (J). The shaded bars represent the number of passengers while
travelling and white bars those while waiting.

4.3 Number of passengers boarding and alighting at each stop

By comparing the number of passengers before a stop and at the stop, it is
possible to obtain the number of passengers who alighted at the stop.
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Figure 4: Links that are part of a train.
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Number of on-board passengers

Figure 5:  Numbers of on-board passengers.

By comparing that before departure and after departure, it is also possible to
obtain the number of passengers who boarded at the stop. Moreover, it is
possible to distinguish the number of passengers transferring to other trains from
that of all passengers who alighted at a stop because the result of estimation
provides the number of passengers on links representing transferring to and from
the train shown by double-lined arrows in Figure 6. It is also possible to
distinguish the number of passengers transferring from other trains from that of
passengers who boarded on the train.

Figure 7 shows an example of a train. Bars of positive value represent the
number of passengers who boarded train, and those of negative value the number
of alighting passengers. It is very difficult to obtain such data by only counting
the number of on-board passengers.
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Figure 6: Links representing transfers.

600

400

“ HoAdeapoldfer
= mmmmu

-200 -

-400 -

-600 -
EER

-800 1| [3J Passengers who transfered from other trains.

[0 Passengers who got on this train at the stations they entered.
-1000 | M Passengers who transfered to other trains.

[0 Passengers who exited the stations that they got off this train.

Number of passengers get on/off

-1200

A B C D E F G H | J
Stops of this train Travelling Direction —>

Figure 7: Number of passengers boarding and disembarking at each stop.

4.4 Number of on-board passengers for each destination

By integration of the number of passengers on each link contained in paths
concerning with specific destinations, it is possible to obtain the passenger flow
data about specified destination. That is, it is possible to obtain the number of
on-board passenger for every destination. Figure 8 shows an example.
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Figure 8: Number of on-board passengers for each destination.
4.5 Traffic value between two stations
Figure 9 indicates the number of passengers on links between two stations as

compiled with thick arrows. It is possible to obtain a change in traffic value
between the stations, figure 10.
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Figure 9: Links between two stations.
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policy and technology. Potential interoperability policy and technical issues
represents an additional field for further study.

Basic PTC systems, although they are economically unviable in terms of their
safety case alone [5, 15], may, when combined with other advanced
technologies, potentially offer significant societal benefits [16]. This success,
however, will depend, upon the ability to rely on the transmitted information,
which will be a function of the security that can be provided.

References

[1]
(2]

(3]
[4]
[5]

(6]

[7]

8]

(9]
[10]

[11]

[12]

Association of American Railroads, Policy & Economics Department, US
Freight Railroad Statistics, 28 October 2004

US Surface Transportation Board, Office of Economics, Environmental
Analysis and Administration “Statistics of Class | Freight Railroads in the
United States 2003”

Federal Railroad Administration Railroad Communications and Train
Control Report to Congress, July 1994

US National Transportation Safety Board, “NTSB Most Wanted
Transportation Safety Improvements 2004-2005”, November 2004
Carlson, Frincke, Laude, “Railway Security Issues: A Survey of
Developing Railway Technology”, Proceedings of the International
Conference on Computer, Communications, & Control Technology,
International Institute of Informatics and Systematics, 2003.

Craven, “A Brief Look at Railroad Communication Vulnerabilities”,
Proceedings 2004 IEEE Intelligent Transportation Systems Conference
Washington, D.C

National Archives and Records Administration, “49 CFR Parts 209, 234,
and 236 Standards for the Development and Use of Processor Based
Signal and Train Control Systems; Final Rule”, Federal Register, 7 March
2005

National Transportation Safety Board Positive Train Control Systems
Symposium March 2-3, 2005 Ashburn, Virginia
http://www.ntsb.gov/events/symp_ptc/symp_ptc.htm

The President’s National Security Telecommunications Advisory
Committee Wireless Task Force Report “Wireless Security” January 2003
United States General Accountability Office, GAO Testimony Before the
Subcommittee on Technology Information Policy, Intergovernmental
Relations and the Census, House Committee on Government Reform
“Critical Infrastructure Protection Challenges and Efforts to Secure
Control Systems”, Tuesday, March 30, 2004

Investigative  Research  for  Infrastructure  Assurance  Group,
"Diversification Of Cyber Threats”, Institute For Security Technology
Studies At Dartmouth College, May 2002

US National Security Agency Information Assurance Solutions, Fort
Meade, MD, “Information Assurance Technical Framework (IATF),
Release 3.1, Sept 2002, ,

WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



702

[13]
[14]

[15]

[16]

Computers in Railways X

Federal Information Security Management Act of 2002 (Public Law 107-
347) December 2002.

Menezes, van Oorschot, Vanstone, “Handbook of Applied Cryptography”
5ed, CRC Press, Aug 2001

Federal Railroad Administration, “Report of the Railroad Safety
Advisory Committee to the Federal Railroad Administrator,
Implementation of Positive Train Control Systems” August 1999

Federal Railroad Administration, “Benefits and Costs of Positive Train
Control, Report in Response to Request of Appropriations Committees”,
August 2004

WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
www.witpress.com, ISSN 1743-3509 (on-line)



Computers in Railways X 703

Ethernet-based network with high reliability
for railway signaling systems

H.-J. Jo, J.-G. Hwang & Y .-K. Yoon
Train Control Research Team, Korea Railroad Research Institute
(KRRI), Korea

Abstract

Railway signaling systems are computerized equipment vital for the guarantee of
the safe running of trains. Because of the computerization of railway signaling
systems, the importance of a networking interface between these pieces of
equipment is increasing. Thus, it is important to have a reliable and safe
communication link between signaling equipment. Recently, network
technologies have been applied in a real-time industrial control system, and also
there are several studies applying computer network technology in vital control
systems such as railway signaling systems. To deploy these computer network
related studies in railway signaling systems, implementation costs, transmitted
reliability, safety assurance technique and compatibility etc, are considered. The
computer network protocol for railway signaling systems has an important
advantage over the widely used Ethernet in terms of deterministic characteristics.
In this paper, we propose computer network technology, especially the Ethernet,
for railway signaling systems. The computer network characteristics of real-time
industrial control systems and vital railway signaling systems are presented in
this paper. This algorithm presented is based on switched Ethernet technology
with a redundancy scheme. Also we demonstrate the experimental results of the
proposed network algorithm.

1 Introduction

Railway signaling systems are computerized vital systems for the guarantee of
the running trains safely which take charge of controlling train speed and
direction, especially preventing train collisions. Every signaling system plays
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each role, and is linked with other signaling systems, which collectively form
one big signaling system.

The links between controlling equipment for railway signaling have some
problems with maintenance and repairs and on adding new equipment because
the way of linking is point-to-point communication. Recently, railway advanced
countries are trying to study and develop ways of linking signaling systems by
networking them, and some of the countries have already used the network
method [1, 2]. The advent background of studying railway signaling system
networks, using science technology, is an increasing need of networking for
transmitting data between railway signaling systems.

Industrial network technologies were earnestly developed from the middle of
the 1980s, and network technologies for Ethernet-based industrial control
systems, such as RETHER, 3ComPACE, HP AnyVG LAN, IEEE 802.1p which
are MAC class mechanism for supporting the real-time traffic, are studied. To
apply industrial networks to railway signaling systems, choosing appropriate
protocols should include considering various elements. On a broad view, cost,
data transmission rate, extensibility, supporting media, the ways of media
connection, and other elements should be considered. Considering these
elements, the network of railway signaling systems is consequently determined
to be developed by Ethernet-based protocol.

Ethernet appears as the next generation industrial network because of its open
structure and low-cost. Recently, the switched Ethernet shows a very promising
prospect for industrial networking because the switching technology can
eliminate frame collisions. Ethernet applications to industrial controlling systems
was impossible because the real-time requirements were not satisfied owing to
the random characteristics of the Ethernet protocol, but the recently advanced
switched Ethernet enables the Ethernet technology to be applied to industrial
controlling systems [4]. By the theoretical explanations of the switched Ethernet,
we identify the possibility of applying it to railway signaling systems.

In this paper, we analyze the performing efficiency through an Ethernet-based
network algorithm which has high reliability, including the algorithms
for detecting deficiencies and its recovery when network defects occurring. If the
proposed Ethernet-based network algorithm is applied to interfaces between
railway signaling systems, greater development of the extension and the
maintenance and repairs of the signaling control systems can be expected, and so
does the consistent operation of the signaling control systems, accompanied by a
guarantee of the communication system’s reliability.

2 Mathematical analysis of Ethernet for railway
signaling systems

If these Ethernets are directly applied to the railway signaling systems, and
transmitted data do not have regular transmission delays, then the Ethernets
problematically have random transmission delays namely, uncertainty of
transmission delays. And, the methods to reduce the number of collisions in
Ethernet systems also have problems, because people should modify data link
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classes or TCP/IP classes directly. In this paper, one problem of the Ethernet
applications is solved by bringing the switching technologies as one way to solve
the uncertainty of transmission delay in the Ethernet. The switching technologies
were mainly developed and applied to the office network, but their trials for
applications to industrial networks are increasing, as their generalization and cost
decrease.

2.1 Ethernet and switched Ethernet

IEEE 802.3, often referred to as Ethernet, was developed for data
communications among computers in the early 1970s by the IEEE, and is the
basis of a physical layer and a data link layer of the office communication. The
CSMA/CD (Carrier Sensing & Multiple Access/Collision Detection) is the
media access control method of IEEE 802.3. In the Ethernet, the more there is of
traffic by the CSMA/CD algorithm, the more collisions occur, so the
transmission delays are increasing by waiting for the backoff time which are as
long as the times of collisions. And also, the delaying time cannot be predicted
because of the delaying by the random time following the BEB algorithm [4].

The switched Ethernet differs from the conventional one. In the switched
Ethernet, collisions between stations are prevented because the dedicated virtual
circuits between the stations, which communicate through switches, are installed.
Collisions do not occur in thsee cases of which many stations transmit
simultaneously because the switches send frames only to the determined
destination stations when the source stations transmit frames. Also, collisions do
not occur before the frames are not received because the full duplex method is
used in the switched Ethernet, which performs by sending and receiving by each
line.

A typical method of switching technology is the store and forward method.
The switch receives a frame through a transmission line from a source station,
and then checks if the reception line of a destination station is idle. If the
reception line is idle, the switch transmits the frame. Otherwise, the switch stores
the frame into its buffer and waits until the reception line becomes idle. In
addition, if several frames with the same destination address are received at the
switch simultaneously, the switch stores frames to the buffer and then sends
frames to the destination one by one.

2.2 Theoretical analysis of maximum transmission delay for Ethernet and
switched Ethernet

The performance analysis of Ethernet has not yet been exactly achieved because
of the probability characteristics of the BEB algorithm. In this paper, we
theoretically analyze the maximum transmission delay of CSMA/CD, as one of
the analysis methods by using the timing analysis of data link classes [3]. The
maximum transmission delay of the existing Ethernet occurs in the following
three kinds of situations; the maximum transmission delays occurs 1) after the
transmitted frames collide 16 times, 2) occurs when the backoff time has the
greatest value, 2min (trial number 10), 3) occurs when D, has the greatest
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value - twice the value of the transmission delay between the source stations and
the destinations. In these situations, the theoretical maximum collision delays are
calculated as the equation (1).

16
Dc = Z(DDET + DJAM + DBO max)

k=1

16
=16(4Dppop + Djpy ) + szm(k’m)ts 6]

k=1
= 4,185,920t, ~418.6ms

where D : Maximum backoff time with BEB algorithm

BO max

D,,, :Jam transmission time

D,.op : Propagation delay, D, : Collision detection time

From the above analysis, we can identify that the maximum transmission delay
occurring in Ethernet is about 418.6ms. This result shows that the direct
application to industrial network is not concise because if the traffic of Ethernet
increases, the number of collisions and the following transmission delays
drastically increase.

Theoretical maximum transmission delays of switched Ethernet occur when
N, value is maximum which is determined by the network traffic and the

quantity of switched buffer. If the network traffic is stable, and only the regular
frames are generated, the value of N will be maximized because the processing

ability of switches per hour is big enough when the frames with the same
destinations are generated simultaneously and stored in switches. The maximum
transmission delay time D, is like the equation (2).

N, N,
DQ = Z(Du: +D;) = Z(Du: +max(L, +L,,576)t,
k=1 k=1

=N, (96 + max(K, +432,576)t, )
=13x672xt, =873.6usec
where D, : Interframe delay
D,, : Message length of k"
N, : The number of frames stored in switches

L, : Data size of k", L, : Overhead of transmitted frames

According to equation (2), we know that if switched Ethernet is used, only a
small transmission delay occurs. The reason for the result is that there is no
collision in the switched Ethernet. The switched Ethernet satisfies the real-time
requirements for the industrial networks, and it can be applied to railway
signaling systems.
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3 Network algorithm in railway signaling systems

In this paper, we study the methods of developing switched Ethernet reliability to
apply them to railway signaling systems in which the safety is critical. Switched
Ethernet satisfies the real-time requirements, but the reliability can not be
guaranteed when each component is broken down because system components
are related with each other such as Network-Interface Card (NIC), switch HUB,
and communication lines. To solve this problem, we propose the multiple
architecture where each component is duplicated, and estimate its performance.

3.1 Architecture of hardware redundancy

3.1.1 Switch HUB

In Ethernet communications, the data cables are shared, and all nodes have their
individual addresses, and the communications are also done by the addresses
through switching HUBs. In the beginning stage of switching HUB, unavoidable
collisions occurred as traffics gradually increasing because the HUB, which
never buffer total packets, has just a destination addresses and takes the way to
transmit. Most of the currently realized switching HUBs don’t bring any
collisions excluding queue delay in switches, because they have independent
queues of more than two in every port, and store the whole data in the way of
Store & Forward, and then transmit the data after confirming destination
addresses.

3.1.2 MultiPort Network Interface Card for fault-tolerant characteristic
Fault Tolerant is a system which is designed not to disturb system operations
even in the case that some modules or components in the system have faults. The
aim of the Fault Tolerant system is to continue operating the system regularly
with no loss and destruction of data despite the occurrences of faults. The fault
tolerance goes through the following three steps, these stages are proceeded and
linked with running application software.

1. Fault Detection

Fault Detection is usually operated by Compare Logic constructed by

hardware. When faults appear in systems, the decided modules or the systems

come into the fault-condition. When the faults appear, OS analyzes every

condition of hardware modules, and identifies which module makes faults.

2. Fault Diagnosis

The characteristics of faults are transient or hard. If the faults are hard, the

modules of the systems are removed. If they are transient, that the self

diagnoses result in no problem, the system first recognizes the fault as

transient faults, and performs all operations.

3. Fault Recovery

Fault Recovery reconstructs systems by removing the modules which bring

faults. One of the important functions, which keeps the fault tolerance, is to
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duplicate data more than twice and then finally keeps the fault tolerance. In
other words, when some data are created from application programs, the fault
recovery always stores the data in two memories, and then transmits the data.
Even when a module has some faulty data, fault recovery can keep the fault
tolerance giving no influence on other systems. In this paper, we embody the
Redundancy system by using NIC which has four Modules.

3.1.3 System architecture with fault tolerance

As mentioned above, to construct a fault tolerant system, multiple
communication ports, and communication lines are needed. And also module
redundancy should be embodied using multiple NIC, and redundancy in switches
should be realized by linking switch HUBs doubly. If only one switch is
installed, obstacles of total systems occur when faults are made in switches even
though the redundancy in modules is guaranteed. Linking one communication
line to each one port is another caution to avoid, because there is enough scope
to make errors in the communication lines. The following Fig. 1 is the system
architecture which meets those requirements.

Message generation period : 10ms
Total number of slave ports : 12ports

Master

0.1 0.2 0.3 0.4 IP address ; 192.168.0.X

O
Switch #1
00, 0,0, 0,0,

O
Switch #2
0,0 0,0 0,0

stack connection

0.5 0.6 0.7 0.8
Slave #1

0.10  0.11
Slave #2

0.12 0.13 0.14 0.15 0.16

Slave #3

Quadruple port NIC Quadruple port NIC Quadruple port NIC

Figure 1: Overview of system architecture.

3.2 The development of fault detection and operation algorithm for
communication nodes

In switched Ethernet, to double components, supporting software in application
layer, 7™ level of OSI reference is also necessary, not only a system framework
of hardware. At first, more than two bindings of network cards are supported in
one station for the duplication of network cards, and sockets and software buffers
more than twice used for communication are needed.
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The proposed system architecture is using four communication ports and four
communication lines, and two switches, so the software for estimating the
performance should be able to support system architecture as the above. Fig. 2 is
the approximate program diagram of the software for full redundancy of the
switched Ethernet. Explaining it approximately; a slave which generates
messages continuously creates messages per 10 ms, and the message-generating
routine creates an event of message generation to a slave message-sending
routine when messages are generated. The slave message-sending routine which
receives the event is constructed by the way of transmitting messages through
individually bounding ports. The master that receives the messages plays a role
to carry perfect data to application levels after copying the data entered
individual received buffers and bring to voting routines, and comparing the data.

— L

The function of message-generating event

the value to high application level

1
i 1
h void CALLBACK_MESSAGE_GENERATION_FUNCTION () :
void
: g Token, INFINITE); CALLBACK_MESSAGE_GENERATION_FUNCTION () 1
h SendBuffer = GenerationMSG; { ]
I SetEvent (SlaveSendToken); \i V SetEvent (SlaveSendToken); :
1 } \
' T [t | ]
I
—sendi i !
1 {L Slave message-sending routine {L {} {,L 1
| void SLAVE1_SEND_THREAD () void SLAVE2_SEND_THREAD () void SLAVE3_SEND_THREAD || void SLAVE4_SEND_THREAD () :
[ { {
| sendto(sendbuffer): : sendto(sendbuffer); !
\| WwaitingForsingleObject(SlavesendToken) || 3 sendto(sendbuffer); :
[ } 1
f 1
£ 1
[ = I - DR - [ = I 1
Ir Master message-receiving routine !
| e function of message-receiving :
1 | void MASTERL_RECEIVE_THREAD () void MASTER2_RECEIVE_THREAD || void void MASTER2_RECEIVE_THREAD ||
I MASTER2_RECEIVE_THREAD () 1
L £ { { 1
[ ); )i : 1
(B B8 SetEvent( Token); Token); SetEvent(Mater4RecvToken); 1
1 SetEvent(MaterIRecvToken); } 3 1
i == = !
I ] 1
I i 1
| Event generation of void MASTER_COMPARE_THREAD () 1
starting voting-function 1
WaitingForSingleObject(compare, INFINITE);
MASTER void MASTER_RECIVE_THREAD () for (i=1;i<5;i++) { :
= = if (recvbuffer[i] == recvbuffer[i+1]) 1
h WaitingForSingleObject(Master1RecvToken,1); result=recvbuffer[il; |
1 WaitingForSingleObject(Master2RecvToken,1); else if (recvbuffer[i] == recvbuffer[i+2]) 1
I WaitingForSingleObject(Master3RecvToken,1); result=recvbuffer[i]; 1
i g Token,1); else if (recvbuffer[i] == recvbuffer[i+3]) 1
| SetEvent(Compare); result=recvbuffer[il; !
i 3 1
: == Starting comparence and carrying :
I 1
I 1
I 1
I 1

Figure 2: Test software configuration of proposed Ethernet architecture.

4 Conclusion

Railway signaling systems should necessarily guarantee reliability between the
signaling systems because they are linked with other controlling equipment and
construct bigger signal controlling systems, performing each function. The links
of signaling systems has some problems with maintenance and repairs because
the way of linking is of the point-to-point communication system.

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)



710 Computers in Railways X

The safety-critical systems, such as railway signaling systems, signify the
reliability with emphasizing transmission delay. For these necessities, fault
tolerance should be realized in the environment which requires high reliability
when applying network like cars, automobiles, aviation vehicles. In this paper,
we propose the reliable switched Ethernet architecture with redundancy systems
and analyse the performing efficiency by using NIC with four modules.

We verified the proposed structures by experiments on bus redundancy for
communication line reliability, module redundancy for confirming
communication module reliability, and switch redundancy for switch HUB
reliability. All error-recovery rates are 100% - all in the situational cases when
communication circuits are cut during the communication between slaves and
masters, when the uses of modules are stopped in the same conditions, and when
the power supplies to switches are cut. The fault detection time is also less than
Ims. For these reasons, we consider that the proposed systems show the
reliability enough to make the systems applied to railway signaling systems.
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954 Computers in Railways X

by the on-board signal receiver is not sufficient. On the other hand, the technique
proposed here assumes that when a track circuit is installed, phase adjustment
should be complete and the optimum condition should be attained. Taking the
phase difference this time as the reference, it is planned to attain the objective by
managing the changes of phase difference due to aging deterioration.

4 Conclusion

The authors are developing a probe train, and this article introduces the measure-
ment technology, mainly about the track circuit and ATS technology, of the signal
facilities on board the train. This study is promoted as a part of the fundamental
research promotion scheme “Fundamental Study on Renovation of Track Traf-
fic System by Introduction of Probe Train Technology (Study on Signal Facil-
ity Assessment Technology by Probe Train and Study on Data Gathering Tech-
niques)” in the transportation sector by the Japan Railway Construction, Transport
and Technology Agency, an independent administrative agency.

Among the ATS systems which occupy an important position as railway safety
equipment, the frequency shift ATS is greatly used, irrespective of whether on a JR
or private railroad. In this study, a method using changes of the on-board pick-up
coil current was examined as an inspection method independent of the coupling
coefficient or geometrical positional relationship between the beacon and pick-
up coil, and the feasibility of this method has been confirmed. For data gathering
for track circuit maintenance and measurement, it was decided to measure the
level at the transmission terminal of the track circuit and the signal level at the
receiving terminal and changes of phase between these terminals. As a preliminary
examination, a field test was conducted to know the influence of the short-circuit
resistance of the train. The conclusion obtained is that the influence is larger in
the low frequency region than in the high frequency region. It is planned to verify
the effectiveness of these techniques by a test using an actual train in 2006 and
incorporate them as inspection and measurement functions of the probe train.
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Fault detection of railway track by
multi-resolution analysis
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Abstract

Conditions of track have conventionally been measured by using exclusive
inspection vehicles. If the conditions of the track can be detected by attaching
simple sensors such as accelerometers on board of commercial vehicles, more
efficient maintenance of tracks would be possible. This paper describes rail
corrugation detection from the vertical acceleration of a vehicle body by time-
frequency analysis. An actual vehicle running tests on a commercial line was
conducted, in which vertical acceleration of axle-boxes and a vehicle body were
measured. In this paper we show the rail corrugation can be detected from the
vertical acceleration of a vehicle body by multi-resolution analysis (MRA) using
wavelet transform.

Keywords: railway, spectrum analysis, diagnostics, rail corrugation, fault
detection, wavelet, multi-resolution analysis.

1 Introduction

Faults of railway tracks not only cause deterioration in ride quality but also
generate noise and have the potential to cause serious accidents. The track faults
have conventionally been measured using exclusive track inspection vehicles.
However, this method is costly and is therefore not widely employed on local
and sub-main lines. It also has a problem in that very frequent inspections cannot
be made if schedules are overcrowded, even on priority lines.

If faults can be detected by attaching simple sensors such as accelerometers to
commercial vehicles, more efficient maintenance of tracks would be possible.
Such vehicles are called “probe-vehicles”. In order to put “probe-vehicles” to
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practical use, estimation of the vehicle’s state, by pulling out the necessary
information from among the information on track irregularities and the
measurement noises of the sensors, is required.

This paper proposes the methods to detect a rail corrugation by using a
wavelet transform from the acceleration measured in a vehicle body on board.

2 Measurement test with actual vehicle

2.1 Rail corrugation

Rail corrugation is minor wear and has a wave height of 0.1 mm and a
wavelength of 5-10 cm occurring on the rails; it generates both damage to rails
and noise [3-6]. It occurs mainly in the inner rails in steep curves such as shown
in fig. 1

Figure 1: Example of rail corrugation.

2.2 Measurement test

Vertical and lateral accelerations of the vehicle body and the axle-box were
measured with accelerometers, and exterior noise was also measured with
microphone at the one of the main line in Japan (fig. 2). Focusing on the vehicle
body acceleration as the object of the analysis, we attempted to extract the
corrugation information.

2.3 Test results

Fig. 3 shows the measurement result of the curved section with significant
corrugation. This is the measurement result for traveling a curve with a radius of
202 m at a constant speed of 38 km/h. A comparison of vertical acceleration of
the right and left axle-boxes, shown in figs. 3(a) and figs. 3(b), respectively,
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shows that the left axle-box, i.e. the inner-rail side, vibrates more strongly. This
is a characteristic of corrugation in steep curves and confirms the occurrence of
corrugation on an inner-side rail.

Microphone Accelerometer
i - | y —
\ (J
r—

Rail corrugation Accelerometer

Figure 2:  Position of sensors attached.
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(a) Vertical acceleration of left axle-box (inner rail)
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(b) Vertical acceleration of right axle-box (outer rail)

Outer axlebox acc.
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Vehicle body acc
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(c) Vertical acceleration of vehicle body

Figure 3: Measurement results of curved section with corrugation.

In order to show a comparison with a case where there is no corrugation, the
measurement result of the straight section is shown in fig. 4. The travel speed
was 38 km/h, as in the case for the curved section. The vertical accelerations of
the both right and left axle-boxes are extremely small in comparison with those
measured in the curved section shown in fig. 3. A difference in the accelerations
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due to presence of corrugation is noticeable on the axle-boxes, particularly on the
inner-rail side. The corrugation of this example could possibly be detected
comparatively easily by methods such as threshold-value treatment.

However, when converting a commercial vehicle into a “probe-vehicle” by
attaching sensors, the introduction can be made more easily by attaching sensors
at locations as easily accessible as possible. This means that if track faults can be
detected by accelerometers equipped in a vehicle cabin, fault detection of rails
can be made without modifying a vehicle, leading to easier introduction.

The results for the curved section (fig.3(c)) and the straight section
(fig. 4 (c)) show that the vertical accelerations of the vehicle body measured on
the floor of a cabin are greatly influenced by first resonance frequency of the
vehicle body and thus, vibration due to the corrugation decays. These results
indicate that detection of corrugation from the wvehicle body accelerations
requires special signal processing to extract the signal due to the corrugation.

400
200 -
0
-400

[m/s*]

Inner axlebox acc.

2 4 Time[s] 6 8 10
(a) Vertical acceleration of left axle-box

Outer axlebox acc.
[m/s?]

0 2 4 Time[s] 6 8 10
(b) Vertical acceleration of right axle-box

Vehicle body acc.
[m/s]

o 2 4 Time [s] 6 8 10
(c) Vertical acceleration of vehicle body

Figure 4: Measurement results of straight section without corrugation.
3 Detection of rail corrugation

3.1 Comparison through frequency analysis

Since corrugation is a periodic on the rail surface, it was possible that the use of
a frequency analysis would be able to extract its characteristics. PSDs were
obtained from the data on the sections with and without corrugation (fig. 3 and
fig. 4, respectively), and the results are shown in fig. 5. Fig. 5(a) shows the PSD
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of the vertical acceleration of the axle-box of the inner-rail side. The curved
section with corrugation has a higher level than the straight section over the
entire frequency range and has a peak at approximately 160 Hz. Since the travel
speed was 38 km/h, a wavelength of 6.9 m can be obtained from the peak
frequency. This agrees with the general wavelength range of corrugation, and
therefore the peak is considered to be caused by corrugation.
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Figure 5: PSD with and without corrugation.

Fig. 5(b) shows the PSD of the vertical acceleration of the vehicle body. The
peak at 1-2 Hz is considered to represent the natural frequency of pitch of the
vehicle body. In the curved section with corrugation, a peak is observed at
approximately 160 Hz, as was found on the axle-box, indicating that vibration
caused by corrugation is included in the vehicle body vibration. The presence of
corrugation can be recognized through a frequency analysis. However,
identification of the actual location of its occurrence requires a time-frequency
analysis.
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3.2 Time-frequency analysis using wavelet transform

3.2.1 Wavelet transform

Fourier transform is frequently employed for extracting frequency information
from time history. However, it has the problem of losing time information that is
important for determining the locations of faults. Although a windowed Fourier
transform can solve this issue, it is not fit for detecting unknown signals. The
result depends on size of the window. Small window cannot see low frequency.
Large window blurs the rapid changes to the whole of the window.

Wavelet transform [2] is the expansion of Fourier transform. In wavelet
transform, a signal S(¢) is described by shifting and scaling a small wave, y(¢),
called a mother wavelet. The signal is analyzed on the basis of the mother
wavelet transform. A continuous wavelet transform (CWT) is given by:

(w,5)(a,b)= ji%%?}sa)m (1)

w((t—a)lb) shifts the time (phase) by » and makes the frequency 1/a. This
continuous wavelet transform, however, requires a considerable amount of
computation, and information is redundant. Therefore, by making a=2" and
b=2"n ineqn (1), we obtain:

D,,=[" Stw,, @ v
where:
Vi) =27y (2771~ ) 3)

which is called a discrete wavelet transform (DWT). This discrete wavelet
transform is characterized by more efficient translation of signals.

3.2.2 Multi-resolution analysis

Multi-resolution analysis (MRA) decomposes a signal into a number of
components at different resolution by using the discrete wavelet transform. A
time history S(¢) is decomposed into some detailed (high-frequency)
components and an approximated (low-frequency) component. The original
signal S(¢) given by:

m0

S@)=S,,(0)+ Y. d, (1) 4)

n=—00

where d,, are detailed components:

)= D,y ) 5)
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In the wavelet transform, the choice of a mother wavelet yi(¢) is important. We
employed Daubechies wavelet [1], which is orthonormal base and compactly
supported wavelet. The vanishing moments of Daubechies wavelet can be
changed by index N. We decided to use a relatively high-order generating index,
N =17 (fig. 6).

Bitir

_2\/ \/zV ¢

-1

Figure 6: Daubechies wavelet (N=7).

3.2.3 Detection of corrugation through multi-resolution analysis

We propose a multi-resolution analysis to the vertical acceleration of a vehicle
body, as measured on the vehicle cabin, in order to introduce a corrugation
detection method in existing commercial vehicles.

The results of the multi-resolution analysis of the vertical accelerations in the
curved and the straight section (fig. 3(c) and fig. 4(c), respectively) are
respectively shown in fig. 7 and fig. 8. Because the sampling frequency was
2kHz, di, dy, ds, ds, and a4 correspond to approximately 500-1 k, 250-500,
125-250, 62.5-125 Hz, and frequencies not greater than 62.5 Hz, respectively. A
comparison between fig. 7 and fig. 8 shows that the components d, through d,
for the case with corrugation, fig. 7, have larger amplitudes. Component ds, in
particular, which includes the frequency, 160 Hz, for corrugation, shows
conspicuous acceleration, which is of a waveform similar to that for the axle-box
shown in fig. 3(a). This result indicates that the vibration component due to
corrugation can be extracted from the acceleration of a vehicle body by using a
multi-resolution analysis.

The result of the analysis with a Daubechies’ generating index N of 7 is
shown here. As a result of analyses with varied N’s, we attained good
detectability with N > 4 for corrugation.

4 Conclusions

With the aim of equipping a commercial vehicle with lowcost sensors and thus
putting into operation a “probe-vehicle” that would enable track inspection, we
studied methods of detecting rail corrugation from data measured on a vehicle.
We obtained the following conclusions:
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Figure 7: MRA of acceleration of vehicle body with corrugation (curved
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section).

While the vehicle was traveling on rail corrugation during the field test clear
vertical vibration occurred on the axle-box on the inner-rail side. However,
detection of corrugation from the amplitude of the acceleration of the
vehicle body was difficult because it includes large amount first resonance
vertical vibration mode.

Frequency analyses revealed peaks in all spectra of acceleration and the
noises of the axle-boxes and vehicle body in the section with corrugation,
and it was clear that corrugation generated periodic vibration.
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Figure 8: MRA of acceleration of vehicle body without corrugation (straight
section).

(3) Multi-resolution analyses were carried out using wavelet transform, and
vibration component for corrugation was extracted from detailed component
(ds) including frequency of corrugation. This verified that corrugation could
be detected from the acceleration of a vehicle body.

Here, we have focused on the study of corrugation as one track fault. The

application of these methods to other track irregularities is conceivable as a

future expansion of this research. Since the detectability of discontinuity is part

of the character of the wavelet transform, we expect that it will be possible to

detect impulse-like signals such as abnormalities of rail joints.
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Research on the onboard auto-test system for
track circuit compensating capacitors
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Abstract

A kind of onboard auto-test system was proposed so as to detect the track circuit
compensating capacitors in real time. The system model and design were based
on the resonance current detection method. The data acquisition card generated
the actuating sine signal first, which was amplified and coupled onto the rail.
Two wheels of the test vehicle, rail lines between and the capacitor connected
between the rails formed a closed LC loop. If the actuating signal frequency
coincides with the inherent resonance frequency of the loop, a reactive current
will be produced within the loop. After the current is sampled and further
processed, the capacitor value can be estimated. The system principle and
architecture are described in detail. Experiments show the invalid capacitors can
be efficiently detected and located in real time.

Keywords: resonance current detection method, compensating capacitor,
onboard auto-test system, track circuit, data acquisition.

1 Introduction

Audio frequency jointless track circuits, i.e. UM71 and ZPW-2000A, are now
widely used in the railway autoblock systems in China. As for ZPW-2000A, rail
lines act as the transmission media for dedicated FSK signal which carried the
vital autoblock information used for train control. Modeled as a kind of
distributed transmission line with inductive characteristic impedance, rail lines
are not a good transmission media for audio frequency, unfortunately. In order to
weaken the negative effect of the inductive rail and prolong the transmission
length of track circuit, compensating capacitors are evenly spaced and installed
between the rail lines, as shown in Fig. 1.
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Figure 1: Compensating capacitor installation between rail lines.
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Figure 2: Compensating capacitor and carrier frequency configuration for
Line 1* and Line 2” in Chinese railway.

For double lines, Line 1% and Line 2* use FSK modulated signal with different
pair of carrier frequency. Besides that, the frequency is configured alternatively,
as shown in Fig. 2. Hence, different compensating capacitor values should be
used and configured correspondingly to match the different carrier frequency [1].

However, the evenly spaced compensating capacitors bring about another
boring problem, i.e. the normal detection and maintenance of these capacitors is
rather costly. The need for efficient onboard auto-test system is urgent.

Ref. [2] proposed a kind of compensation capacitor detection method based
on wavelet analysis method by making use the inducting voltage curve received
by cab signal receiving coils. But, this method can only judge whether the
capacitor is fully invalid or not. Furthermore, it is only effective when the track
circuit ballast impedance is approximately 1~3 ohm.km. As the ballast
impedance is often influenced by weather, geography conditions and other
environmental factors and varies from 1~300 ohm.km, the method is hardly to be
used to guide maintenance.

At present, test vehicle has been the important measure for the online
detection and maintenance of railway autoblock equipment. In this paper, a new
kind of compensating capacitor auto-test system equipped on the test vehicle is
put forward based on the resonance current detection method.
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Figure 3: Principle of the resonance current detection method.

2 Principle and system architecture

2.1 Resonance current detection method

As shown in Fig. 3, a sine signal generator and a power amplifier are fixed on
the test vehicle. Actuating sine signal is generated by the signal generator,
amplified by the power amplifier, and then transmitted to the transmission coil
installed under the vehicle. As the vehicle wheels and the rail lines between
formed a closed loop, the magnetic field caused by the actuating signal will
surely produce reactive current within the rail lines even though the current
magnitude is relatively small. While the test vehicle passes the rail lines
equipped with compensating capacitor connected in between, the above closed
loop changes to an equivalent LC loop. Supposed that the actuating signal
frequency is close to or equal to the resonance frequency of the LC loop, the
reactive current will be enlarged to great extent.

The receiving antenna installed above the rail sense the current, transform it
to proportional reactive voltage, and then transmit it to the signal conditioning
unit. The data acquisition and process unit located backward analyzes the
magnitude alteration of the reactive voltage and makes judgment whether the
vehicle has passed a compensating capacitor. Capacitor value can be further
calculated as the whole system is carefully scaled.

2.2 System architecture

Fig. 4 shows the installation position of dedicated test equipment under the test
vehicle. A pair of transmission coil (TC1 and TC2) is fixed behind the front
wheels, whereas another pair of receiving antenna (RA1 and RAZ2) is fixed
before the back wheels. Speed sensor installed on one front wheel is used for
train positioning.
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Figure 4: Installation position of dedicated test equipment under the test vehicle.
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Al DO 2¥ AO 2# po1* A01*
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Figure 5; Auto-test system architecture. Note: R1, R2: 2Q/50w; C1: 51 nF;
C2:12 nF; C3: 72 nF; C4: nF; TC1, TC2: 10 mH, Q = 21; RAL, RA2:
63 mH, Q =5.

Fig. 5 shows the architecture of the auto-test system. Computer and the data
acquisition card of NI DAQCard 6062E are the key components of the system.
The analog output channels AO1* and AO2" generate actuating sine signal,
which is amplified by power amplifier EYl Am8901 and transmitted to the
transmission coil TC1 and TC2 respectively. Within each AO channel, resistors
R1 and R2 are used to limit the loop current; whereas capacitors C1~C4 are used
to counteract the inductive effect of transmission coil TC1 and TC2, improving
the output current.

The signal generated by AO1* is used to actuate the equivalent LC loop with
compensating capacitor value of 40e-6 F or 46e-6 F; while the signal generated
by AO2” is used to actuate the LC loop with capacitor value of 50e-6 F or 55e-6
F. The two AO channels work at the same time, facilitating the simultaneous
capacitor detection of 40e-6 F and 50e-6 F for Line 1* and 46e-6 F and 55e-6 F
for Line 2° .

The digital output channels DO1* and DO2" operate the power relays RL1
and RL2, making C1 and C3 connect with C2 and C4 wherever needed.
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The analog input channel Al1* acquires the reactive voltage received by the
receiving antenna RA1 and RA2 and isolated by ISO 124. RAl and RA2 are
connected each other in certain way so as to eliminate the interference caused by
electrified traction current in electrified railway.

2.3 Software implementation

System software was developed under NI LabWindows /CV1, a kind of efficient
C API for virtual instrumentation. System software functions are described as
follows:

1) Generating actuating sine signal through AO channel, controlling the power
relay through DO channel and selecting appropriate capacitor value (C1~C4)

2) Acquiring the reactive voltage through Al channel, filtering the s Signal in
frequency domain and calculating the rms value of the reactive voltage

3) Comparing the reactive voltage with the reference value, estimating the
compensating capacitor value by polynomial curve fit method which is realize by
the “PolyFit()” function in LabWindows/CVI.

4) Combining with the train positioning system, give the coordination of the
capacitor detected.

3 Experiment and data analysis

A series of experiment are carried out while the auto-test system is setting up.
The aim is to determine some obscure parameters and verify the validity of the
resonance current detection method.

3.1 Inherent resonance frequency determination experiment

Although the compensating capacitor value and the rail impedance between the
test vehicle wheels are predetermined, there still exist many obscure factors,
including the wheel impedance, contact impedance between wheel and rail, the
connecting impedance of capacitor with the rail, etc. Experiment should be done
to determine the inherent resonance frequency of the equivalent LC loop. The
normal static measurement method for system frequency response feature is used
in the experiment [3]. The result is shown in Table 1.

The actuating signal frequency generated by AO channels of DAQCard
6062E can be fully determined according to Table 1.

3.2 Capacitor value sensitivity experiment

Whether the reactive voltage is sensitive enough to the value change of the
compensating capacitor within the equivalent LC loop is actually determined by
the Q value of the LC loop itself. In the experiment, fixed rms value of actuating
signal with specified frequency shown in Table 1 was firstly generated by
Channel AO1". The reactive voltage was then recorded as the capacitor value is
changed. The result is shown in Table 2.
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Table 2 shows the reactive voltage is sensitive enough for the capacitor value
measurement and the resonance current detection method is practical indeed.

3.3 Capacitor position sensitivity experiment

This experiment is used to check if the reactive voltage is sensitive enough to the
position change of the compensating capacitor within the equivalent LC loop.
The result is shown in Table 3.

Table 3 shows the largest reactive voltage appeared as the capacitor locates in
center of the two wheel pairs. When the capacitor was moved outside the wheel
pairs, the reactive voltage dropped rapidly. This shows the resonance current
detection method is practical from another point of view.

Table 1: Result for inherent resonance frequency measurement.
Compensating Capacitor (F) 40 e-6 46 e-6 50 e-6 55 e-6
Inherent Resonance Freg. (Hz) 7050 6350 5950 5850
Table 2: Result for capacitor value sensitivity experiment.
Actuating Signal Compensating capacitorF Reactive Voltage (mV
Frequency(Hz)

None 65.3

21.4 e-6 98.7

26.2 e-6 1134

7

050 33e-6 133.8

40 e-6 147.7

46 e-6 90.0

None 57.4

21.4 e-6 77.9

26.2 e-6 86.9

6350 33e-6 103.0

40 e-6 118.2

46 e-6 135.3

None 53.8

26.2 e-6 74.7

33e-6 85.2

5950 40 e-6 96.1

46 e-6 107.5

50 e-6 117.8

None 52.9

33e-6 80.2

40 e-6 89.7

5850 46 e-6 102.6

50 e-6 112.3

55 e-6 112.6
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Table 3: Result for capacitor position sensitivity experiment.
Position* 1 2 3 4 5 6
Reactive voltage (mV) | 67.5 107.2 122.3 143.1 120 101.3

* The position is shown as in the following figure.

Pos.1  Pos.2 Pos.3 Pos.4 Pos.5 Pos.6

| , \ , , Rail 1

Rail 2*

li:ront wheeizl i i i i Back wheel

4 Conclusion

The onboard auto-test system of track circuit compensation capacitor is
described in the paper. Conclusions are shown as follows:

1) Experiments show the resonance current detection method proposed in the
paper is valid and efficient.

2) The compensating capacitor value can be estimated in real time, regardless
the ballast impedance and other environmental factors.

3) Combining with the train positioning system, the coordination of the
compensating capacitors under test can be provided.

4) Commercial data acquisition and virtual instrumentation techniques are
applied in the auto-test system, ensuring the development efficiency and test
accuracy.
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Monitoring wheel defects on a metro line:
system description, analysis and results
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CEIT and Tecnun (University of Navarra), Spain

Abstract

This paper presents a system developed to monitor wheel defects on metro
vehicles in order to reduce annoyance and infrastructural damage due to noise
and vibrations. Information about the wheel state and its evolution can be added
to the mere mileage to improve the efficiency of the reprofiling decisions. In
addition, sudden defects, that could potentially be severe, are detected and an
alarm is raised to take the necessary actions.

Some other systems have been developed to monitor wheel state by means of
measuring the vibrations or noises generated by vehicles; however, the case of a
metro is somewhat distinct. Wheel thread defects on a metro vehicle are not
necessarily related to overloads or rolling contact fatigue. Damage to
infrastructure and noise emission generated by small defects are particularly
important due to the high frequency of the service and the proximity of the track
to residential buildings, especially in the case of an open-air section that runs
though a neighbourhood as some sections of the Metrobilbao.

The system measures vibrations at a specific location on the rail as the vehicle
passes over it, then analyzes these signals and stores the information in a specific
database that can be easily queried from any computer on the intranet. The
system has been installed on the Metrobilbao line and tested for three years.
During this period, more than 8500 trains, or 272000 wheels, have passed over
the accelerometers and corresponding data was stored in a database. 448 wheels
threads were physically measured in order to check the accuracy of the system.
This data has been used to fit the statistics for new or newly machined wheels
and estimate the alarm threshold, and finally tuned in agreement with the
maintenance workshop.

Keywords: wheelflat, monitoring, wheel/rail contact.
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1 Introduction

The Railway industry is under increasing pressure due to the economic
competition and requirements on comfort, on noise emission and safety for
passenger and goods.

Simultaneously, a gain in speed and axle load results in increasing stresses in
the wheel/rail contact, raising wear and maintenance costs. Little wear or small
defects on rolling surfaces may result in overloading the wheels, bearings, rails
and sleepers together with greater vibrations and acoustic emission. The most
commonly reported wheel defects are known as flats and shells and it is
estimated that $90 million dollars are spent in the USA replacing 125000
defective wheels a year [1].

All of these problems are the reason for the growing interest in the Railway
industry in preventive and predictive maintenance of infrastructures and rolling
stock that has led to the development of different systems to detect wheel
defects. Since the first “Wheel Impact Load Detector” (WILD) device was
installed in the USA in 1983 [2], different systems and technologies have been
proposed or developed [3-19].However, correct quantification and monitoring
are not definitely solved problems.

The generalized method to detect faulty wheels is based on the measurement
of rail loads or vibrations, for wheel defects generate great impact loads,
vibrations and high stresses on the rail. Different techniques have been used to
measure the vibrations: accelerometers on the rail, strain gauges, load cells, etc.
and a variety of algorithms have been developed to analyze measured signals.

Systems based on accelerometers are the Wheel Monitoring System
(WMS) [8], the Wheel Impact Monitor (WIM) [10] and the one presented by
Skarlatos et al. [18]. Other methods, [12, 13, 17], use the cepstum function [20]
to analyse the signals from piezoelectric cables and accelerometers.

The Wheel Condition Monitor (WCM) [19], and the TrackAlert® system [5]
use both accelerometers and strain sensors installed on the rail while other
systems use load cells or other equivalent devices to measure load peaks instead
of accelerations [4, 6, 11].

Feng et al. [15] have developed a different device, based on the measurement
of the vertical movement of the wheel flange by means of a rule attached to the
rail. The principal limitation of the system is the relative low train speed required
to work properly and its mechanical complexity.

Jodon, inc [11] propose a system based on microwave that measures the
wheel profile and would be also capable of measuring wheel defects over the
rolling band.

This article presents a low-cost monitoring system, based on accelerometers,
developed by CEIT and Metrobilbao that was placed and successfully tested in
the Metrobilbao railway system. Principal advantages of the system are precisely
its low cost and simplicity.

This paper includes a system description on section 2, the signal processing
and treatment on section 3, the experimental verification and alarm threshold on
section 4 and conclusions on section 5.
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2 System description

When an impact is applied to the rail, vibrations are propagated along the track
decaying with distance. It is then necessary to know both the decay rate and the
distance from the impact point to estimate the accuracy of the measurements.
Although extensive studies of the wave propagation along the rail have been
published [21, 22], measured data have been used to simply estimate the specific
decay rate of the registered vibrations as the flat impacts repetitively along the
rail. An example of the registered signal corresponding to a Metrobilbao vehicle
with a wheelflat is shown in Figure 1:.Y-axis shows the RMS values of the
acceleration in dB during the train passing by (X-axis). Impacts on the rail are
due to a defect that affects the rolling contact point at every turn of the wheel.

170

165 -|
160 |
155 | A
150 |

\

La(dB)

145
140
1354

130

125

0 2‘0 4‘0 (;O 8‘0 160 1‘20 14‘10 160
Figure 1: La (ref=1um/s®) of the acceleration signal for a Metrobilbao vehicle
with a wheelflat in the rear last wheel. The slope of the fitted line is

the spatial track decay rate for the impacts due to wheel defects.

A regression line can be fitted to the maximum of the different impact echoes
shown in Figure 1: and the slope of the fitted line is thus the spatial decay of the
excitation.

Figure 2: Defect paths and Dmax for 1 and 2 sensors on rail.

As the decay rate is rail dependent, the only way to achieve more precise
measurements of the vibrations is to minimize the maximum distance (D) in
which the excitation may occur because the bigger is the distance between the
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impact and the measurement point, the bigger is the underestimation of the
signal. The way to minimize D, is to increase the number of sensors installed
on the rail [10, 19]. For a single sensor scheme D, is half the circumference
length, with 2 sensors it is a quarter of the wheel circumference, etc (Table 1:).

Finally, 2 accelerometers have been installed at each measuring point looking
for a half-way between costs and maximum admissible error.

Table 1: Different options for the accelerometers scheme.
i X .
n Mounting Scheme ﬁg Dmax Attenuation
m m ALa (dB) a/amax (%)
| | oo =d - L2=132 | -1.584 83.3%
2 lI:I‘I:I'.‘I:I‘I:I'CI:I‘I:' 1.32 L/4=0.66 -0.79 91.3%
3 | o Teoed 0.88 L/6=0.44 -0.53 94.1%
4 | 'erermererd 0.66 L/8=0.33 0.4 95.5%
. or .
X: Distance between accelerometers. Where x = — with n = number of accelerometers
n

and © = wheel diameter.

Dmax: Maximum disance between the measurement point and the impact point

ALa: Theoretical decay in dB, where AL, = DRx D, .. and DR is the estimated Decay
Rate.

a/amax: Maximum underestimation of the real excitation due to spatial decay.

The main components of the developed device are the accelerometer matrix
under the rail, a wayside sonometer, signal transmission circuits, and the
computer that controls the system, analyzes the signals and stores data. A couple
of proximity detectors activate the system when a train approaches and are also
used to estimate the speed of the train.

Figure 3: shows and schematic of the device installed close to a station in the
Metrobilbao network. Notice that the equipments are spread into three zones:

a.  Control booth: where the computer and the acquisition electronics are
placed.

b. Bend zone: 4 accelerometers, a sonometer and a proximity detector.

c.  Straight zone: 4 accelerometers, and a proximity detector.

Some of the accelerometers have been installed on a bend because during
turning the wheel-rail contact point moves along the wheel and rail profiles and
this may allow one to detect different out of the rolling band defects.

Al to A4 accelerometers on Figure 3: are far over 200m from the computer so
a current transmitter circuits system has been installed to avoid noise and signal
attenuation. Designed voltage-to-current converters transmit conditioners signals
and current-to-voltage converters reverts the signals to the acquisition card
puts.
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Figure 3: The system has been installed in the Metrobilbao network.
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Figure 4: Rail vibrations during the train passing. Train without defective
wheels. Left) original signal. Right) RMS integrated signal.

The sampling rate chosen for the signal acquisition is 2 kHz, since it was
verified that the acceleration spectra of interest is below 1 kHz [17]. A sample
for the registered rail acceleration pattern for a defect-free train is shown in
Figure 4:. Obviously, the higher is the sampling rate, the better the signal but
2 kHz is high enough for monitoring necessities.

Accelerometers are fastened with a magnet and it has been used for it is
simple, easy to install and move and it has remained successfully fixed during
the system development.

3 Signal analysis and software
Acquired data is analyzed and stored and that makes post-processing possible

because none of the data is deleted or modified during analysis allowing the to
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alarm thresholds to be updated or to study particular trends, peculiarities or
outstanding values without waiting for new data.

Some parameters, apart from the train identification, needed to carry the
monitoring out, are the train speed and the train geometry.

The variable used for monitoring is the root mean square of the signal
(Figure 4:).

Exhaustive tests have been carried out looking for the optimum value for the
time step and finally it has been chosen in order to assure that faulty and
non-faulty levels are clearly different and variability within the same state is
minimal (Figure 5:).

The integrated values from each of the wheels for every vehicle transit are
stored in a database. This database is the core of the system and different data
requests are used for report warnings, defect evolution or instant wheels state.
This configuration allows great flexibility in order to carry out different studies.

The system makes use of a couple of sensors within each of the rails to
minimize the variability of the measures. Data from both sensors, corresponding
to each of the wheels, are analysed but only the maximum values from both of
the signals are stored on the database as corresponding to the level of each of the
wheels.

The system raises the alarm when a defective wheel is detected but available
working time and, especially, economical and wheel durability are, up to now,
the leading parameters on the turning or changing wheels decisions. For this
reason, the alarm threshold must include not only the mere defect importance but
also the repeatedly machining costs in order to optimize the wheel life-cycle

120 4

Values after defect appearance
100 4

Original values

801 (without defects)

60 — -

RMSwax

40 -

20 1

Figure 5: Evolution of the RMS,g o4 values with the apparition of a defect.

4 Alarm threshold tuning and experimental verification

Some studies have been published about the allowable defect magnitude in order
to avoid rail damage. However, the problem in metro systems is more related to
generated noise than to rail damage. In fact, great defects, when they occur, are
currently quickly detected while a relative high noise level is particular annoying
in open air tracks that are close to buildings and houses, even more with high

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)



Computers in Railways X 979

train frequency and if the service begins soon in the morning a finishes late at
night.

The first approach to the alarm level tuning is to discern between ‘perfect’
and defective wheels. To do so, logarithms of the RMSAt=0,04 values
corresponding to new or just turned wheels are used to fit a reduced extreme
values distribution as seen in next figure.

a
0.09 - 5.80% b
0.08 -
0.07 A
E,‘ 0.06
@ 0.05 7
3
g 0.04 -
L 0.03 A
0.02 -
0.01 A
0+
|y o N 99 o9
DRI EC N B Good hit [0 Failed hit-Small defect
Ln(ams)

B  Error on train side location B4 Failed hit

Figure 6: a) Experimental histogram of the logarithm of the acceleration for
perfect or newly machined wheels (n=2847). Black line corresponds
to the theoretical reduced extreme value distribution adjusted to the
experimental values. b) Reliability of the device during machining
process supervision (n=448).

Fitting is performed by means of maximum likelihood estimators and 99%
confidence intervals are proposed to identify out of limit values that are
considered to correspond with faulty wheels.

In order to involve maintenance department and workshop operators in the
system developing, weekly alarms were reported as well as information about
the state of the vehicle scheduled to be turned. This has allowed making use of
the workshop experience to conform alarm thresholds to operative values.

Tests included inspection of the turning of 448 wheels and 77% resulted in
good agreement with the device estimation while 5.8% were considered to have
failed. The rest of the failed estimations may be explained as follows:

A) The defect has been localized in the same axle but in the opposite wheel.
Such mistake may be due to practical error of the workshop operator when
reporting his observations.

B) Alarms with level 1 out of 4, which are not reported as having a defect
may be caused because the device raises a low level alarm due to effects not
related to wheel defects or it may be due to visual misdetection of a small defect
during machining operations. Any way, these faults were not critical because the
alarm level was low and it could be solved raising the alarm threshold level.

Figure 7: shows an example of the correlation between the monitoring based
alarms and the defects found during the turning operation.

@ WIT Transactions on The Built Environment, Vol 88, © 2006 WIT Press
= www.witpress.com, ISSN 1743-3509 (on-line)



980 Computers in Railways X

S
—
— o o - A
s £ 2 2
140
130 TRightside
120 -
110
100
90
%
70 4
&0 X X
IEESUSRISISARIEN
<40 4
230 1
£20
210
2,9
=-
%20
£30 | % & X
-40 +
-50 4
.60 -
-70
B0{ 8 X % % | 0
,90,
-108 % g %
_11 4
-120 a " X % X
-130 - Left side X
-140 - X
1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16
N o ~
g o ° K o X
a & £ 4 A L - - E —
S N < S O T T - - <
o o o
2 ah a2 B 2 ZZE B n B =

WEF= wheel flat with level from 0 (no wheelflat) to 4
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Figure 7: Comparison between data from the monitoring system (plot) and
defect found during wheel re-profiling process (up and down).

The central graph shows vehicle monitoring information. The axis of
abscissas shows the different wheel number of the monitored vehicle and the
axis of ordinates measures the maximum acceleration values. The graph includes
data from the right side wheels (up) and the left ones (bottom) and summarizes
ten passages of the studied train. Horizontal lines delimit theoretic normal values
and outstanding data are considered to correspond to faulty wheels. The figure
also shows information reported from machining workshop, it includes results
from visual inspection, machining incidents and other information.

5 Conclusions

Defects on the rolling band in train wheels are the cause of large impacts on the
rail that generate noise and vibrations. With this work it has been proved that
measuring these rail vibrations is a reliable method to determine the presence and
magnitude of wheel defects. This paper presented a detailed study of the
existing and currently developing technology in measuring techniques and
analyzing algorithms. Also, it has been proved to be precise enough to use two
accelerometers beneath each rail. Additionally, it is interesting to install
accelerometers in different positions, straight line and turning zone because
defects in different locations on the wheel surface are so detected.
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Speed estimation is performed by means of the presence detector signals and
adequate accuracy has been achieved. Speed accuracy is important in order to
discard that measures corresponding to vehicles running with out of normal
speed. In addition, vehicle speed is used during the signal analysis to correlate
the signal section with its corresponding wheel.

In this study 448 wheels have been studied, comparing the predicted status
with data from the machining process. Only 5,8% of the predicted status clearly
failed while the other 5,8% of the predictions resulted in minimal defect
misdetection.

The fully automatic operation of the system is under development by means
of the automatic identification of the vehicle and the connection of the system
with the data network of Metrobilbao.
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