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Abstract (English)

A quality leap in public transportation system is necessary to assure a sustainable development of
cities that are getting more and more populated. In last years, a general increase of wealtfinbr

to an increase of need gbersonal mobilityand at the same time people kepbn rising heir
requirements related tgublic transport system servi€sguality. Meeting customef@®xpectations

is not an easy task for public transport operators becdhsg are forced tavorkin an environment

in which the interaction with external factors (disturbances, disruption events) generate a lot of
variability in the process outputlfe varioustripsfrom stop to stop). The lack of adequate decision
support tods makes the job of control room operators, which are in charge of keeping the service
guality at a desirable level, even more difficult. Nowadays decisions are taken prinoipaihally

and due to the shortightedness of this approach, many inefficience® generated. The aim of

this thesis is the creation of a decision support system able to foresee critical situations and to give
suggestions to control room operators. The disruption management support system will be divided
in three main parts calleddata side, process side and additional information side. These three
components will work stricthtogether. The final objective of the system will be providing
suggestions to dispatcher for maximizing the service reliability (travel time reliabilityet dé
comfort) without compromising the other quality aspscbnsidered important by pagngers and

in this way increasintheir acquisition and retention.






Abstract [talian)

Un salto di qualita nel sistema di trasporto pubblico € necessario per assicurare uno sviluppo
sostenibile delle citta che stanno diventando sempre piu popolate. Negli ultimi anni, il generale
incremento del benessere ha portato a una crescita del bisajmaoobilita e allo stesso tempo le
persone hanno continuato ad alzare le loro esigenglative al servizioofferto dd trasporto

pubblico. Soddisfare le aspettative della clientela non e un compito semplice per le aziende di
trasporto pubblico che sono ditigate ad operare in un ambiente nel quale le interazioni con fattori
esogeni (disturbances, disruption events) generano molta variabilita nel servizio offerto ai
passeggeri. La mancanza di gdati sistemi per il supportolle decisioni rende il lavoroegli

operatori di sala operativa, che sono incaricati di mantenere un buon livello di servizio, ancora piu
RAFFAOAES® ''f 3IA2NYy2 RQ23I3IA S RSOAAAZ2YA a2y?
AYSTFTFAOASYT S [ Q206 A Siidine d&f 2n decksion ljsaizfoit $ystemicipade dis  f
prevedere situazioni critiche sulle lineedi suggeriresoluzioni afj operatori di sala operatival

disruption management support system sara diviso in tre parti principali: Data side, process side e
additional information side. Questi tre componerdollaboreranno per offrire soluzioni ottimali

[ Q20 ASGUAG2 FAYILIES RSt aradaSyl alFN:r RFENB &dz3
reliability (travel time reliability + livello di comfort) senza caopettere gli altri aspetti considerati
importantt RF A LJ 8aS3I3ISNR S Ay 1jdzSad2 Y2R2 AYyONBYS)

clienti.
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1. Introduction

1.1 Problem definition and state of art

Problem definition
Nowadays cities are getting more and more crowded and the need of personal mobility is
continuously increasing. In the scenario jdescribed public transport system play$undamental

role in assuring a sustainable development of urban areas.

Unfortunaely, the generic trends that describes the choice of transportation modalities made by
passengers go in favor to less sustainable mode of transport than public transportation system (PTS).
CKA& Aa Ffaz2 o0SOFdzaS ail yRI NRétndisdictey, héyldo odza G 2
care only to move from a point A to a point B inside the city but they pay a lot of attention also in

the experience that they have along the trip.

In the situation just described it is evident the necessity of a qualdp ie the level of service

offered by public transportation companies to attract and retain a higher number of passengers. In
order to understand on which aspects it is hecessary to invest for improving the service of level
offered it is necessaryto andlyS LJ aa Sy 3ISNEQ ljdzr t Ade FaLlsSota o

(seefigure ).

Comfort

0,25

Price-quality ratio 1
Travel time reliability 2
Comfort 3 0,2 \
Accessibility 4 ‘ Travel time reliability ‘
Timetable 5 Y 04 Service reliability
Actual info 6 5
Crew 7 g 5 o
Ticket service 8 £ 0 P 60
o
Safety 9 40
0,05 9
8
7_ o ¢

;:tisfaction [1-10]
Figurelt  aAaSY3ISNRQ ljdzr f Ade& aLSO0ia FyR GKSANI £t S@St 2-
Figure KBrons and Retvel 2003hows thatravel time reliabilit TTRand thelevel of comfortduring
the travel are the QAs more valuable for passengers, the two of them constitute the concept of

service reliabilitythat is defined as the certainty of service aspects compare to the schedule as

perceived by the user.
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For public transport operators antaining a good level of service reliability it is a challenging task
because of the presence dfsturbances(minor distortiony disruption events(major distortion3
that interacting with the operations generate output variability that, overtaken dase extent it

becomes service unreliability for passengers that experience a lowering of the service level.

This generates a loss of customers for public transport operatayste lIsummarizes the concepts

of service reliability, variability and urability in urban public transport systems.

Customers’ level of
service requirements . . .
9 A Service unreliability

( )

“«———» Service variability

|

Process Output
Output
.Network infrastructure T
-Timetable schedule Disturbances/Disruptions

Vehicle trips from stop to stop including actual
departure and trip time

.Vehicles schedule
.Crew schedule .Disturbances: Minor events.
.Disruptions: Major events

Figure Il Service reliability, variability and unreliability in urban public transport systems.

Tobetter understandhow all of this process works in public transport it is necessary to analyze the
supply side (service provided by the operajprthe demand side(passenger sideand the
interactions among thenbecause unreliability of the service perceived by passengers is the results

of the interactions between the two sides.
On thesupply sidethere are pmcipally two types of service variability:
1. Terminal departure variability
2. Vehicle trip time variability (driving time + stopping time + dwell time)
The two main aspects that are cause and effect of the variability of these two components are the

propagation of delaysndheadway irregularitghat, among others, trigger the bouncing effect that

in the end brings to queuing between different means.

While, concerning thelemand side after having analyzed the entire passenger travel process, we

have found the existence of a strict relation between the variance of the expected value of

LI a3aSYy3ISNRQ GNIF @St GAYS FyR (GKS tS@St 2F aASND
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In the end relating and analyzing the links between the two sides, we have identifigd|#ti®ns
that there are between variability in the operations and the service unreliability perceived by

passengers. A conclusion is thaving an irreqular lin€irregular headways) is one of the main

causes of service unreliability for passengers beeait increases theiexpected travel timend

decreases theitevel of comfort(the two most important quality aspects for customers). Another

aspect to take care of is tt@ropagation of delaythat is also a main cause of variability

Once identifiedvhich are the main aspects that lower the level of service reliability we focused our

attention on the causes that generates them making a distinction betvigiegnnatexternal causes

in order to understand on which of them the transport operator has cointWhat found in the end

is that themain internal causes aneehicle availability, crew availability and other public transport

while concerning external causes we have identifidkder traffic, irreqular loads and passenger

behavior

What understood is that the main aspects to enhance in order to provide to passenger a service that
meets their expectations atdelevel2 ¥ NA LJ (i AavidSRl&vel @flcaddfoli Thesd aspéais
are heavily influenced byt KS| Rg I & A aniNdslcdagzpropidatiod that are internally

generated mainly by problems witrehicle availability, crew availability and other public transport

State of arin disruption management

Disruption managementefers to the process of dynamically revisingpgerational plan to obtain

a new one that reflects the objectives and constraints of the actual situation.

Disruptions are events that cause a big change in the environment in which the system operates
and usually they involve a change in resource abdityy as well. Furthermorethey are
characterized by a high level of uncertainty that makes difficult if not impossible to foresee the exact

impact that they will generate.

Currently dispatchers carry out the monitoring of the service, that compreha&mdng others, the
management of these harmful events. They control the service of part of the networky(lifles)
having the possibility to adjust operations when deviations occur. They intervene hierarchically
adjusting according to the new situatiorh@nge in the environment and resources) tiraetable,

the vehicle schedulingnd thecrew schedulingseefigure 11).
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detection

Figure 1l Hierarchical process of intervent®iollowed by dispatchers.

Operational level is fundamental because it deliversghaduct that passengers evaluate and buy,
F2N) GKAA NBlFazy A0 Aa AYLRNIFyd (2 2FFSNI I &

based on their experience that they choose the modality of transport to adopt.

Unfortunately, nowadays the correge actions implemented by dispatchers to improve service
level are not the optimal ones because they are not provided with appropriate support systems that
help them in taking their decision$he inefficiencies that are generated due to the current pssce

are listed below

1. Decision taken manuallythis generates three main disadvantages:
a. The quality of the decision vary accordingly to the experience and to the capability of
the dispatchers
b. The quality of the decision cannot be considered suffiggme a manual paess
deny the possibility to considall the variables in the systems;
c. The operatorsaare not able to identify the degradation of the system performances

caused by disturbances

2. Not critical usage of operational instruments
Dispatches have at disposition differenpperationalinstruments to recover an inefficient
situation on the lingaurrently operatorsconsider inthe same way athf them. The problem
is that they should take into account that certain instrumergen if they hava highpower

in solving inefficienciesiide side effects since impacégativelyon passengers

3. Reactive approach:
Another limitation of the approach currently used is that the interventions to solve
disruption are always taken after that the inefficiency occur even if sometimes it would be

possible to foresee it (difference betwednreseeable disruptiofAccumulationof little

disturbancesl/inefficiencies caused by previous manual intervenji@amsl unforeseeable
disruption(crash).
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4. Narrow-short sight gpproach in solving disturbances:
The fact that dispatchers decide manually how to intervaperestore inefficiencie
generates more problems because they are not abldotesee how their decisionwill
change the position of the different means on the line in the future respect to their schedule.
Due to this the actions taken to recover the inefficiencies causedédfirt disruption event
will create more inefficiencies when the operator will have to intervene again with invasive
operational instruments (e.g. skipping stops) to allow driversetich the change stops on

time.

5. Stiff structure focus on punctuality:
Another problem that is evident is the stiffness of the surface public transport system. The
fact thatshift hoursand shift change stationare rigid entities create huge problems at the
operational side. Usually happens that even if the system is performing well (there are
constant headways between means) are needed interventions to restore the punctuality of
the means in order to reget cew schedulingthese interventions alwayswer the quality

of the serviceoffered to customers

Furthermore, we have analyzed and described the state of art of the approachesawadays to
tackle disruption event fields not related to urban publi¢ransport system (UPTS). We started
analyzingGeneral contromethodtechniquesapplied by cybernetics and we found that the three
approaches on which they are basétbing a bufferfeedbackandfeedforward) are useful also for

our purposes.

We focusedalso on how disruption management is tackled by other industrebyvay and airling

that face problems comparable to the one tackled by UPTS.

The logics explained in general control methods are used by both airline and railway industries that
have be@ trying to improve the way of tackling disruption events for years. We have found
interesting and adaptable to our case the general approaches used by them to tackle critical
situations. The disruption management process starts with a continuous mormgtarfnthe
operations that has the aim to trigger an iterative process that has the objective to identify, evaluate
and then implement corrective actions when a conflict between actual and planned operations is

detected.
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Figure I\6hows the approach scheatically.

Deviation
Monitor ] Yes Identify possible
. Conflict? > )
operations options
\

A More
v options

Evaluate
Make

decision

Implement options

decision

Figure I\ Guidelines for operational monitoring.

Another aspect valuated useful is the use of the technique c@lelthe combination problenhat,
rather than trying to describe the possible outcomes at thecurrence of a drsiption by
enumerating possible future scenarios, triesEscribehe uncertainty of the situation as an online
combinatorial optimization problenThis approach has been evaluated uséfutlealing withthe

high level of uncertainty and variability thatafacterizes disruption events.

A last source of inspiration comes from the Decision support system tools that are used by airline
industry to help operators in taking the most efficient and effective corrective actions. The ability of
this system tgorocess enormous amount of data in a little amount of time providing prompt and
useful suggestions to operators leaving them the decisional power to implement them has been

evaluated of extreme value also for our case.
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1.2 Objectives

The level otomplexity that characterizes the problem definition is reflected in the objestithis
thesis that are numerous and articulated. In order to be clear and explicative in tlesemation

we introducefigure V. This scheme has the aim to represent #agious goals of this work stressing

the hierarchy and the reteons that there are among them.

FigueVe KS3dAaQ 2062S0GABS KASNI NOKe aOKSYSo
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1.3Methodology

In thissection of the introduction | wanto describe the variousteps,| and the research grop
with which | worked withwent throw to define the details of the newisruption management
support system. The entire disruption management project can be divided in two different phases
since it has been developed in two diféat times and places even if the final objectiugrease

customer attraction and retentionit has always been the same:

1. Inthe first phase] worked for 5 months as an intern at ATM S.p.A. covering the r@laiof
risk managefjunior process analysDuring this period me and the Italian research group
created and validated the set of variables, logics and assumption used to generate the

support system that aims at minimizing service variability.

2. In the second phasé worked for six months at TU Bteliniversity faculty of Technology
policy and management covering the role of researcher. The first step was writing a
document in which | wrapped and translated all the work performed during the internship.
After having analyzed and validated the resutstained in the first step with my Dutch
thesis adviser and other researchers of the TU we have identified a way to improve the
effectiveness of the DMSS. In the end, we decided to create afdegios andndicators
that will provide additional informion to control room operators to help them in assessing
GKS AYLI OG 3ASYSNIGSR 2y LI aaSy3aSNDa ljdz f Al
kind of Ols.

The work performed in Milan ca be divided in four main steps thatisied intable 1

Step Brief description

11 (ltaly) Definition of variables, logics and assumptions used to build the model

Predisposition of the databases

21

(definition of variables, logics and assumptions ; simulation and validation)
31 Simulation on variables and logics
41 Validation and revision of variables and logics

Tableba S K2R2f 238Qa adsSLBA tAad 062N)] LISNF2N¥YSR Ay Li
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Due to time constraints and the massive amount of work to perform my mentors wanted me in the
beginning to create a set of logics in order to select the most significant lines and days on which
perform the validation phase of the variables, logics and mggions on which the DMSS will be
built. But in the end the actual validation carried out by me was specific on one line, they preferred
to have an initial feedback on all the parts of the system instead of having an in depth analysis on
few components. Té analysis on the other lines it would have been performed by other employees

during my absence.

While the approach usetb develop the part of the project created in the Netherlands have

followed a different scheméseetable ).

Step Title
1N Redaction of a unigue document with all the work performed during the
(Netherlands) internship

Validation of the document created and identification of a way to optimize the
2N effectiveness of the DMSS

Creation of a set of logics and variables to generate the additional information
>N that will optimize the integration between the DMSS and control room operators
4N Validation of the set of logics and variables generated

Tablell: Methodologt Q& &aGSLJA fA&d0 662N] LISNF2NY¥YSR Ay (GKS bSi{
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To better explain who did what during the project it is presenfigdre VI (figure Vl.a; figure ¥j),
it is a scheme in which are listed all the actors that participated in the different phases that brought

to the creation of the system.

Optimization of the integration between the DMSS and thespatcher(figure VI.b)

1

- Associate professor; TU Delft; Technology, policy and management faculty.

- Assistant professors, TU Delft; Civil engineering faculty; public transport researcher.

- Assistant professor, TU Delft; Civil engineering faculty; public transport researcher.

5
TUDelft &

- Paolo Carnaghi

DMSS team

¢ h 4 ¢
Loy n M.AII.O R. (@) S

- Director of R&D department |«——»- Operational research prof.

- Director of control room

- Director of surface services - 5researchers (> 10 years exp.) |[«——»~- 2 researchers

- Director of TTD, VS, CS design
- Director of line’s cartography

- IT director

N O |

- Sdispatchers (15 years exp.) )

~

|

| This actor had a passive role in this initial phase of the project
(definition of the model) because it is in charge of the computer
science architecture of the system.

L )

1

Creation of a DSS that gives suggessda maximize line regularity(figure V1.a)

- Paolo Carnaghi

Figure Vi Disruption management team members.
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1.4 Principal results

To develop this section we will follow closely the hierarchy presented alongdtieelated to the

definition of the objectivesahapter 1.2 figure \ to show the achievements obtained in relation to

each of them. Now we will list all the main results obtained:

1. Generation of the general architecture of the disruption managenseipport system with

the description of the main logics that connect its various componeokgeétive 1.1see

figure VIJ;
| ; :
2 DATA SIDE ' PROCESS SIDE > l Figure Vlil.c: Process side
Plannina data : o N J

| Figure Vil.a: Information .'
possessed in advance by
| the algorithm.

e APC historical data

% ®  Vehicle scheduling table
* Crew scheduling table |\

1
!
!
I
[
1
[
e Alternative Network '
® Poss:ble change slops ® Scheduled Time Table

1

[

[

1

~

&\(; __________

‘ Figure VIl.b: Real time information
coming from the lines (AVL data).

Yes  comsmmem v Set of interventions
> 8 ‘_‘;% 7| to improve z:k

Control room diary

A ]
PXe 1

I

1

)

1
s Disturbances, . N e i

! o
Disruption events | , Objective function
i N :

|

!

I

$ T .
h: ‘

service reliability
Delay evolution Alert detection ® SR Algorithm
81D ? *  Operative tools 5
Real time data

AVM Data filtration system

————————————————— u — — —
9
. Add. Info 1 . Add. Info 1
. Add. Info 2 e . Add. Info 2 —~
. Add. info 3 ! = . Add. info 3
e (Palgorithm | .. | L ..
e Operative tools
Figure VIl.d: Additional information to optimize the SR Algor. it:hm: serv. in-:* reliability algo.r ithm |
integration between the system and the dispatcher . LP Algorithm: Loading profile algorithm |

/

Figure Vi Disruption management support system overview.
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2. Generation ofthe AVM data filtration systemto provide high quality iput data to the
process side of the system. To each data registration that describes the position of each
mean on the line is associated a registration code, some of them are usable while other are
not. The resulthas been thecreaton of alist of codes that has a good quality and that can

be used as input to feed the process side of the disruptianagement support system (see

table 111, 1V
Discarded code
Error _ code Description
Codel Planned deviation
Code 2 No functioning transmission system
Code 1024 No transmission in the center of the line
Code 128 The mean doesn’t transmit during the final 5 stops
Code 256 The mean doesn’t transmit during the initial 5 stops
Table It list of discarded codes.
Valid codes
Error _ code Description
Code 0 Correct transmission type a
Code 4 Correct transmission type b
Code 8 Correct transmission type c
Code 16 The mean stops at least 3 minutes at the terminal
Code 64 The mean stops at least 3 minutes on the line
Code 512 | s
Code 16384 | e

Table 1V list of valid codes
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3. Creation of the assumptions and logics that constittite alert detection component
(Fgure VIIl). Thisisthe partofi KS & e a i SY (afalsid€ withAthelcare ofitkeS & R
DMSS, thé & S NI A O S Igavidrié Atls composed By a et of rulesriablesjndicators
an thresholdghat have the task to detect in advanpessible critical situations aie line
that without a prompt intervention can irremediably degenerate and consequently activate
the algorithm thatwill provide suggestions to improve the level of servi@hjective 1.1.2.1;

objective 1.1.2.2; objective 1.1.2.4).

71_\3<

oy

No | Yes
<& ]

ALGORITHM
SUGGESTED ¢
OF OPERATION
INSTRUMENT

N—
»  Alert detection
p

Figure VII1 Alert detection component with context.

Table \fecaps the 3 different alertslentified.

Alert Description

;s oA A oA A

hOOdzZNNBY OS 2F 2yS 2N Y2HWRBSSWHEBEX{ a

(0p))

u»

N
N DSy SNI (IRNR/dZFZBRFLIGKE § KBS HMIBIG]1 2& ARS
N LYONBlFIAaAPHESHNNBYRSEGENRA2NT GA2Y

u»

TableV: Alerts presentation with short introductive description.

4. The creation of anew set of operational instrument$o make the structure of the public
transport system more flexible and reactive to disruption events and disturbances that
interacting with the operational process increase the variability of the service offered hence

decrease the service reliability.

The new set of operative instruments (dable V) willaim at increasinghe crew scheduling

flexibility. An increasing in the flexibility is fundamental for two main reasons:

1. To decrease the invasive interventions done by operators to guarantee dowarsve on
time at the change station even if they lower the service reliability and create discomforts to

passengers;
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2. To reduce the delay propagation.

(Objective 1.1.1; objective 1.1.1.1; objective 1.1.1.2).

Crew scheduling flexibility’s operational instruments

Shift’s duration flexibility

Break flexibility

Shift’s structure flexibility

Change station flexibility

Stop at the terminals flexibility

Table ViCrew schedulin§f SEAOAf AGeQa 2LISNF GA2Yy I f

AyaildNHzySyida

5. Creation of a matrix(see figure 14 that has the aim to prioritize the usage of operational

instruments according to the kind of alert activated (the aim is to minimize the usage of

invasive operational instruents that have huge solving power but also high impact on

service level perceptionjObjective 1.1.2.3).

- OFs total impact +

- Prediction accuracy +

—

Alert2 | Alert1 | Alert4 | Alert3 | Alert6 | Alert5 | Alert 7

Break flexibility

Shift’s structure
flexibility

Stop at the
terminals flexibility

Headway control

Speeding up

Slowing down

Shift’s duration
flexibility
Change station
flexibility

Vehicle holding

Ride elimination

Skipping stops

Detours

Short turning

Figure IXFinal Alert/Ols matrix with different level of priority usage.
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Notes:

V The different colors of the cells represent timtensity of usage with which a certain Ol
should be used by the algorithm to solve a critical situation detected by the activation of

a certain alertcombination of alerts

the process followed by the algorithm to pick the set of Ols to restore theicgerv

reliability of the line followgthe logic presented belowsée figure X
1. Alert/s activation
2. Application of intensive usage<Jtelated to the alert/s activated), if with them the

algorithm is not able to bring back the line to a good levekgtlarity it passes to

step 3;

3. Application of medium usage related to the alert/s activated), if with them the
algorithm is not able tdring backthe line to a good level akgularity it passes to

step 4,

4. Application of light usage &relatedto the alert/s activated).

Ols

Activtion alert/s ] [ Intensive usage Ols

application

Ols
application

| application

Figure XFinal Alert/Ols matrix with different level of priority usage.

6. The final big achievement obtained in this thesis it has been the identification of the
additional information to provide to dispatchersn order to make the suggestions
3SYySNI} 4GSR o0& (GKS 5a{{ Y2NB O2YLX SGS IyR S¥
We have to remember that the last objective is to enable dispatchers to take better decisions
in order to increase the overall servigaality given to passengers and consequently increase
customers acquisition and retentioirigure Xl shows schematically the components that

constitute this part of the DMSS and how it interacts with the rest.

34



Set of intervention to

Dﬁ%—A SIDE + PROCESS SIDE :> improve service reliability

J
LP Algorithm: Loading profile algorithm v
J

FigureXI: Schematically representation tbfe components that compose the Additional information side and
their interaction with the whole system.

. Add. Info 1 . Add. info 1
o PN . Add. Info 2 . Add. Info 2
. . Add. info 3 EEP . Add. mfo 3

* [P algorithm
*  Operative tools

| i

The additional information identified valuable along this part of the studying has been the following:

1. Loading profile and number of passenger aligfptand boarding
2. Weather condition

3. Cleaning of the vehigle

4

. Impact on accessibility

After having identified how to generate all the different information that is considered important
to support the dispatchers in taking their decisions it is importanetate the specific info with the

specific operational instrument

The auxiliary infomation will be given only when the system will sugggstlyinginvasive operative
AyailiNdzySyida GKIFIG INB GKS 2ySa GKIF G 38pestNI G S
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Among all the Ols at disposition of the DMSS we have idensfieaf them that canbe defined

critical. Now we will listhem reporting the related additional info.

0 ¢Group 1

Ol

0 Skipping stoffsee tablevll) ;

4

Vehicle | Skipped
; uality aspects Additional info 1 Additional info 2
interested | stop Q y asp f f
Accessibility
1) Number of passengers
'v boarding at stop i, time k,
vehicle j;
Comfort 2, 2) Numb
Being forced to abandon the )_ ur'n er of pas.sefrgers 1) Outsid
vehicle alighting at stop i, time k, ) Outside
Vehicle J Stop i

vehicle j

Cleaning of the means

1

Skipped n cleaning operation

temperature [C°];
2) Weather condition

Table VI Table with the additional information needed to dispatahter understand the impact that the

implementation of askipping stopd Sy SNJ (i S a

o Short turning;

o0 Dead heading;

(see able VI

2y LI aaSyasSNaQ

o0 Detour,;
Vehicle Skipped sto, Quality aspect Additional info 1 Additional info 2
interested PP P y asp
Accessibility
1)Number of passengers on
l board line section i, time k,
vehicle j;
Comfort 2, 2) Average number of
Being forced to abandon the passenger waiting for 1) Outside
P ; boarding at the various temperature [C°];
Vehicl n mean g
el EL_Z StOp t skipped stop, time slot u. 2) Weather
l condition.

Cleaning of the means

4

Skipped n cleaning
operation

jdzl € AG& |

Table VIl Table with the additional information needed to dispatcter understand the impact that the

implementation ofdetour-dead heading and short turningenerate2 y LJ- 8 8 Sy 3SN&E Q
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Vehicle |Skipped| Quality

interested | stop aspect Additional info 1 Additional info 2

Accessibility

n . . average load stop i
t ‘ L=y stopq in which capacity of the vehilce j =X

Nuber of stops along the entire line

1) Outside temperature [c]

Comfort 1, 2) Wheatear condition
' average load stop i
capacity of the vehilce j —

Vehiclej | Entire line

Capability to Y, stop; in which
find a seat

i1

Nuber of stops along the entire line

Table IX Table with the additional information needed to dispatcher understand the impact that the
implementation ofide eliminationI Sy SN} 6 Sa 2y LI 4aSy3aISNBQ ljdzr f AGe

0 d+xSKAOf sektable RA y 3 ¢

Vehicle Stop

interested | held | Quality aspect Additional info 1 Additional info 2

1) Number of passengers on board
line section i, time k, vehicle j;

Accessibilit
¥ 2)Average number of passenger | 1) Outside temperature [c*];

Vehicle j Stop i o
! P "‘ l waiting downstream after the held 2) Wheatear condition
stop at the various stops, time slot u

Table X Table with the additional information needed to dispatchtr understand the impact that the
implementation ofvehicle holdingd Sy SN} 1Sa 2y LI 4aSy3ISNRQ ljdz f Ade

1.5. Thesis articulation
Literary review:

0 Problem definition

This section is characterized by the studying of the general situation in \iliechrban

public transportation systenfUPTShas to operate. Here we have analyzed the general
trends that describe the share of usage of PTS in the future, all the quality aspects that are
considered valuable by passengensd all the problems that contyute in loweringthe
service level perceived liliem. Once depicted this initial scenario our attention moved on

disruption events/disturbances and their managemetttat has been identified as one of
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the main causes of service reliability scarcitye \Bludied in deep this phenomenon

contextualizing iin the UPT&nvironment.

o Description of existing useful tools and appohes for disruption management
Thissecond part of the literary review has been dedicated to the analysis of the approaches
and of the techniques used nowadays by other industries to tackle the disyapti
management problemThe initialstudyinghas been focused on general control methods
that are currently used in different fields as general rutemitigate output variabilitythat
in our case is the service offered to passengers. After we moved our attention to Airline and
Railway industries thtehave been tackling this issdier years Their approaches have been
a good source of inspiration for certain aspects of the disruptiomagament support

system created ad hoc for urban public transport operators.

¢ K S flamenark:

o General systems and logics

In this first section we have described the general logics upon which the entire disruption
management support system will rely okVe analyzed the aspects of general control
method that are of interest for our purposes and we have describe them contextualizing

everyfeature in the specific case of tH2MSS.

o Disruption management suport system skeleton
This fart is dedicated tail KS LINBaSydlFradAaz2zy 2F (GKS 5a{{Qa a

components that constitute it and all the logical relations that there are among them.

ThesiSmethodology:

o Creation of a DSS that aat maximizing line regularit
In this this chapter havedescribal the various steps | and the research grewith which |
workedwith went throw to define the featuresf the components that constitute the part
of the disruption managemensupport system created in ItalfFurthermore are reported
which dda and whichsoftware have beenused to carry out the validation phase thfe

assumptionsnd logics identified in the initial phase of the project.
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o0 Integration between the DMSS and the dispatcher

In this this second section | hadescribal the various steps | and the research grewpth
which | worked with went throw to define the details of thart of the new disruption
management support system created in the Netherlands, during my staying at TU Delft

faculty of Technology policy and megement.

ThesiSModel:

o Creation of a DSS that aBrat maximizing line regularity
In this part of the thesis whavedescribel in detail all the componentsf the disruption
management support system (DMSS) already presented fréamoad point of view along
the (i K S féameénork.We described all the logics, assumptions adiables that compose

eachpart of the DMS$hat aims atmaximizing line regularitfwork developed in Italy).

o0 Integration between the DMS&nd the dispatcher

In this part of the thesis we have described in detail all the components of the disruption
management support system (DM3I&gt form the additional information sideThis section

is an in depth description of the part of the work performed in the Nethaak.

Thesis simulation

o Data side

In this part of the thesis we have carried out the validation of the assumptions, logics and
variables that characterize thaata sideof the DMSS. In this section it is reported a numerical

case study in which are explained all the passages and the results obtained.

o0 Process side

Along this second phasee have carried out the validation of the assumptions, logics and
variables that baracterize theprocesssideof the DMSSAlong this chaptett is reported a

numerical case study in which are explained all the passages and the results obtained.

39



2. Literaryreview

The literary review has the objective to analyze why the disrupti@magement is an important

issue and why it is a difficult problem to tackle; this chajgelivided intwo main sections

1. Problem definition(chapter 2.1). We will start with a general analysis on mobility trend
highlighting the fact that urban publittansport systers are fundamental to ensure a
sustainable development of cities. After we will focus attention in defining whaare the
aspects that are fundamental for customénsorderto identify where it is necesary to bring
a change foattracting more passengerand increasing their retention. In the end, we will

find that service reliabilitytravel time reliability+ travel level of comfoitis the characteristic

of the service they care the most. Once obtained this information we will anatyzetail
what is service reliability and the elements that influencaeryice variabilityunreliability).
We will conclude this section describing wiaruption management iand contextualizing

thisissue in urban public transport system.

2. Description of useful tools and approaches for disruptiomnagement (chapter 2.2).
Along this second part we will analyze the state of art of disruption management in urban
public trarsport system and not only. We will dedicate a part of the sectioaitoe and
railway industryand from their studyng we will define whiclaspecs can be implemented
in our case. In the end we will move our attention on the operatitanagement in urban
public transport systentlescribing in detail all the operational ingiments that are used
nowadays to tackle this problem and the indicators that are used to evaluate operational

performances.
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2.1 Problemdefinition

Nowadays there is aontinuousincreasing trend of people movirig urban areas (199040%A
2030- 60%;World health organizatio)) this combined with a general increase of the welfare have
brought to a substantidhcrease of personal mobiliya  yd8ridaét years Inthe scenario just
described public transportation systebecomesa crucial mea for a sustainable development
However, the share of public transpor{PT)in this increasing of mobility remains steady. A
substantial quality leap in this sector is needed nowadays to attnadtetain more passengerand
increase in this &y the usag of PTinstead of private means. A decrease in the volume of traffic
the urban areas means ancrease in the livability of cities without considering the hegstdue

to vehiclesirculation that the society could save and invest in other way#hs thesis is proposed
adecision support systemith the aim tohelp control room operators in optimizing the service level
offered to passengers in order to increase their acquisition and retenfio® system will focus
principally on the maximization gkrvice reliability(travel time reliability + comfoytwith particular

attention in not compromising@ther passenge quality aspects.

Let us starthis chapter presenting the topics that we will tackle and develop along itfigee 1).

2.1.1 Mobility trend
and ascpects of
influence

Which are customer's
sources of value in

Which are the
conclusions?

What is expected in
the future PT usage?

PT?
Mobility trend Customers' sources Critical conclusions
analysis of value analysis summary

Figurel: Chapter 2.1.1 structure.
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Mobility trendanalysis

Looking afigure 2 it is possible to see the travelled kilometers per mode trend in the Netherlands
between 1995 and 2008/éGn Oort 201} The chart shows thathe share of public transportation

has remainedlmost steady along the years while it is possible to notice an increase in the car usage
(5% from 2000 to 20Q8This trend can be explainezbnsidering both the increasing numbef
people that nove to urban areas and the general improvement of the pasing power of the
citizens Furthermore, there isa constant increase irpassengei @emand related to the

performance offered by the public transparbmpanies

160
"= 140
o
Ei 120
% 100 Public transport
g 80 Other
§
2 60 Car
2 Bike
% 40
= 20

1995 2000 2005 2006 2007 2008

Figure2: (19952008) Traveled kilometers per mode in Metherlands.

Another aspect that it is important to highlight are the societal satietoY 2 0 Af A& Y2 RS Q2
Tablel shows the monetary impact of the increasing trend of private transportation meatise
Netherlands In addition to space usagad energy consumption the main aspgtd consider are
loss of time due to congestion, probability of being injured and the dangmgeerated to the

environment dugo emissions and noise (pollution).

Type of cost Year 2008
Estimated cost otongestion from 2.8 to 3.7 [billiore]
Cost of unsafe mobility from 10.4 to 13.6 [billior]

Cost of environmental damage  from 2 to 8.5 [billiore]

Total cost from 15,2 to 25,8 [billiore]

Tablel: Dutch case, different costs generated by private vehicle circulation in 2008
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Broadeningthe view it is possible to see that other countries and continents have similar
developmentrends Figure3 (Larson 200pshows the rodal split trend in the Euro@ Union from

2000 to 2020. As it is possible to see from the chart the Public transportation system that operates
in urban areas (bus, coach, tram and metro) is the onewhisuffer the most losing the 3% the
shareswhile the use of the car will arease of 1%. Looking fqure 4 (Kenworthy and Laube 2001)

it is possible to notice thahe low share of Europegpublic transport systencan be consider high
respect to the American or thAustralian one. In the meantiméisia (especially China) shoa

stronger propensity to use alternative way of transport to private motor vehicle.

P » 2000
= R,
— e » 2020
6%8%q;
m Passenger car m Railways = Tram and metro Bus and coach = Air

Figure3: Modal split trends (travelled kilometers) in the Europe between 2000 and 2020).

100%
90%
80%
70%
60%
50%
40% ® Private motor vehicle
30% ) .
20% m Walking/cycling
10% m Public transport

0%

Figure4: World Modal split in year 2001.
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From the situation depicted in the previous pages it is evideatneed for urban public transport

companies to increase passengers acquisition and retention; the idea of this thesis is the creation of

a DSS to help disgders in taking decisions that maximize the match betwibenevel ofservice

offered and customer expectations.

As we have already mentionedystomershave constantly increased thesxpectatiors for what
concern the service level offered by urban pgaktansport systemsrhe next step i understand
which are the quality aspects that they evaluate more important and the relations that there are
among them.

/] dZAG2YSNBRQ &2dz2NDOS 2F GFfdzS FylFfeaaAra
Public transport may play an important roie reducingall the external costdistedin table 1. Ina
report done by the Dutch Ministry of Transport in 2004 stated that a public transport user causes
about half the damage to the environment compared to a car (ian Oort 2011 The policynside

and ouside Europe about this issus to improve public transport tincrease the livability and

accessibility of cities that are getting more and more populatedorder to guarantee their

sustainable development it is necessaryiaereasen the role of pullic transport in total mobility

According tathe analysis that we have performed up to now it is evident thablic transport is
able to improve and ensure accessibility aldability of cities, and since imight invert the

increasingrend of car moblityQ &  dziléaf iBts qualityis necessary.

In order to understand on which aspects fomggl 2 A Y ONBI aS LI aaSyaSNaRQ |
it is necessary to understand which qualities charactegsizaic transport Different authors Baker
andCameron 1996YVan Hagen et al. 200ahd Van Oort 201 1istinguish the following main quality

aspects:

o Price:The main part of the price that a passenger has to sustain is the cost of the ticket. But
it is also important to cosider the additional costdhe price for parking the car dhe bike

that canincrease the overall trip cost.

0 Accessibility:
a. Intime: It is thefrequency of the servi¢cavhich is the number of possible departures
performed in a defined periad
b. In space: Thedistancethat separates the passenger frothe origin toits final

destination.
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o Travel time:This is the total time spent travelling from origin to destination.

o Comfort Comfortexpreda Sa (G KS f S@St 2 F . Thi léval SHaoNRE & |
guality aspectand is relevant to both theehicle and the stop. It can be seboth as the
capability to find a seat during the trip and as the possibility to travel witlocanvenient

that for example force the passenger to leave the vehicle during the service.

o Image The image of the public transport system determines wieetbeople would like to

use itwithout this reflecting badly on them.

o Service reliability Service reliability expresses whether the actual passenger journey meets

the expected qualityaspectstfavel time reliability+ travel level abmfort). Improve service

reliability isone of the objective of this thesis.

Once listed and described which are the principal quality aspects for passengers identified in the
literature, it is importam to know if there is a hierarchy among them in order to define which are

the values on which it is worth to investore(i 2 A Y ONBI &S LI} 3aSy3ISNEQ &K
that can help us in prioritize themis tiket @ NI YAR 2F al af 8 gPedkanndvVdaddzo f A

We

Comfort

Hagen 2002shown infigure 5.

Satisfiers

Disstisfiers Convenience

Speed

Safety and reliability

Figure5: Pyramid of Meslow for public transport.
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The pyramid can be divided in two main parts

o Dissatisfiers(Safe and reliability, speed, conveniencehese are the first three aspects
presented in the pyramid andey have to reach a minimum level of quality otherwiisis

probable that passengehange the public transport modality or decide to not travel at all.

o Satisfiers(experience, comfoytThese are the last two aspect presented in the pyramid and
are the elamentsthat satisfy the travelers @Se& Sy Kl yO0S GKS Odzad2 YSN

The elementssafety and reliabilitythat form the base of thepyramid stressthe importanceto
guarantee a high level of service reliabilityis important to highligt that all the layers are bonded
one another and low performances ame of themhave negatre repercussions ontlers. for this

reasonit is not effectivefocusing in maximizing only o themforgetting the othersin fact the

DSS that we will proposdll help the operators in understanding the overall repercussions that their

decision will have on passengers.

Now we want to go more in deep in understandipassenge® appreciations related talifferent
quality aspects in public transpgi¢an Oort 2011Jackson and Jucker 198&lack andlowriss 1991
and Konig and Axhausen 2002The aspect that is commonly the principal driver that leads
passengers in their decision about transportation modaligeiwice reliability(travel timereliability

+ level of comfort) Brons and RetvéP007) built a grapltfigure 6) in which showtheir findings
about the perception thatpassengerfiave on public transport quality aspect (they evaluate both
level of satisdction and level of importanck FHgure 6 demonstrates thatiravel time reliabilityis

considerone of the most important aspedbr passengerswhile theirappreciation of it is limited.

0,25

Price-quality ratio 1
Travel time reliability 2 Q
Comfort 3 0,2 V\
Accessibility 4 Travel time reliability
Timetable 5 o Service reliability
Actual info 6 g
Crew 7 é 5
Ticket service 8 E o1 6
Safety 9 1 P
0,05 g

4,5 5 5.5 6 6,5 7
Satisfaction [1-10]

Figure6: Importance of quality aspectsr passenger; (Brons and Retvel 2007).
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A lot of studying confirm thaservice reliability is one of the principabspecs that influences
customes behavior in deciding which kd of modality of transport useThe European union is
trying toincrease theshare of people thatisepublic transportation system and in order to achieve

this result are investing a lot of capitals to make the PT system more attradtereative.

Fgure6 shows the high importance tfavel time reliabilit TTRandlevel ofcomfort for customers.
The fact thathese quality aspecs has both high importance and low level of satisfaction suggests
that in order to change the mobility trendBgure 3,4) it isnecessary to focus on thefar improving
significantly the quality ofevice offered ly public transport. Thidoes notmean that it ispossible
to ignore completelythe other qualityaspects (QAs); otherwise, they will became a future issue.

The final objectivef thesupportsystem introduced in this thesis will be to maximize the critical QAs

(travel time reliability and level of comfom)ithout lowering the level of the others

We conclude with a critical analysis of the all the material reported along the chapter.

Critial conclusions summary

Inchapter2.1.1 we started presenting the actual situation in whistiblic transport has to operate;
cities are getting more and more crowded and the need of personal mobility is continuously
increasing. In the scenario just desetbpublic transport systems (PTS) play a fundamental role in

assuring a sustainable development of urban areas.

Unfortunately, the generic trends that describe the choice of transportation modalities made by
passengers do not go in favor of PTS. This@ @dle to the fact that nowadays the standartd

meet customer requirements are getting higher andheg they do not care only to be transported
from a point A to a point B inside the city but they pay a lot of attention also in the experience that

they have along the trip.

In this situation it isevident the necessity of a quality leap in the level of service offered by public
transport companiesThe main objective of this thesis will be the creation of a system that will help

control room operatorsyi Y I AV il AYVAYI | KAIK ASNPDAOSanl SOSt

consequently increase their acquisition and retentionorder to understand on which aspects it is

necessary to invedor improvingi KS f S@St 2F ASNWAOS 2FFSNBR 4SS

aspects and their level of appreciation.

What found is that travel time reliability (TTR) and the level of comfort during the travel are the

aspects more valuable for them. Particular aien it is worth to be put on TTR because it is the
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aspect that has the main importance and the lower level of satisfaction. Another important thing
that we have discovered is the presence of a strict relabienween all the QAghis means that will

be fundamerntal considerall ofthem. Now that we know which are the aspsetvaluated importah

by passengers it is worth tenderstand why some of them, alsioconsidered fundamentahave

such a low level of satisfaction and which are the causes thattpese in this status.

What we have seen alorthapter2.1.1 shows the importance that public transport system has in
guarantying a sustainable development of anbareas. Furthermore, we havdentified the
RAFFSNBYU Lldzof A0 GNIYyaLRNLIQa ljdza tAGe | aLlsSoda
highlighting the critical onegHigh importance, low satisfactipnThe core of this thesis is the

creation of a decision support system thaill help control room operators immaintaining a good

reqularity of the linehence a good level of service reliabjlitjthout compromisinghe other quality

aspects Along this sectiomve will analyze in detadervie reliabilityand variability to uderstand
what they are, the relations that there are among them and the impact that they generate on.riders

Figure? briefly presemisthe contents of this chapter.

|

2.1.2 process/service |

reliability, variability
and unreliability

What are . . ‘
process/service l Which are the rekm‘ons‘ SR e e | What does generate | Which are the l
reliability, variabili among them? SECL SR GRS conclusions?
and unﬁ Ie lia bh‘r'tygy g ' ‘ on customers? ‘ unreliability? ’ ‘

| | | |
Production process' Relation between SV . - .
e | . ) | Causes of service Critical conclusions |
variability and and customers ser\nce‘

variability-unreliability summary ‘

unreliability; UPT case‘ level perception

Figure7: Chapter 2.1.2 structure.

o0ervice reliabilityis definedas the certainty of service aspects compared to the schésludd as

travel time (including waiting), arrival time and seat availabjlig perceived by the us€kwan Oort

2011) Thelevel of reliability depends on the variability of the system itself andhe customeéa Q
expectatiorsof this variabilityWhen variability overtakes certain limits it becomes unreliabihigt

is perceived as poor service by passengers.
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Now it is importanto understand the interaction that exists betweédl & & S geHiSeNaliaDility
perceptionand the variability of the serviceffered by public transportation companie¥an Oort
in his studying on service reliability suggestsanalzethe interactions between thelemand and
the supplyside of the public transport to clarify the relation between service variability and
reliability. Let us start this section with a general overviebout the concepts of variability
unreliability in ageneric production processafter we contestualizenport them in the urban public

transport case

ProductiorLINE Qr&riabdlitand unreliability;urbanpublic transport case.

Hgure 8 (Heylighen and Joslyn 20Qdresent agenericprocessthat transforns input into output
as if it works in a black bgk & 6 S NJh&oiy)AHOEEeRer sinceproceses operatan the real word
it is necessary to consider alsioe interactions that there ardetween the operations and the
external environment, these interactions are caltiigturbance/disruption eventsnd are the main

causes of variability

Due to them the process is not able to perform alwayplasined this fact has an impact on the
final output that is subjected to variability along the timetroducingthe interactions withthe real

world the process cannot be consider deterministic anymore, it becomes stochastic.

If this variabilty is not desired or more thaexpected, iresults inunreliability. Unreliability means
that the actual output is not equal tdhe promised (or expected) on# we relate ths concept to
the PT it is possible to say thadassenges willsuffer from this becausthey experience a reduction
of the servicequality. In addition also the operator may suffersince itmay need additional
resources or instruments to reduce or mitigate the etfecaused by the variabilityro tackle this
issue itis necessary tomprove the process and the way it is managed ttigate the effects that

disturbances generate on the final output.

Requirements 1 1 Performance

m Process

1

Disturbances

Figure8: General production process including output variability
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Now that we have an overview, we caontextualize the concepts just explained in tieanpublic
transport procesgUPTP).UPTPFs composed by all the operations thataall passengerso move
from one point to another within a determined period of time that can varycawing to
disturbance&disruption eventghat interad with the operational process and that generates output

variability.

Theinput of the process is a network, consistingrdfastructure and service lineaschedulecrew

andvehicles

Theoutput of the process are actual vehicle trips from stop to stop, inclydictual departure and
arrival times.In order to assess thievel of output variabilityt is necessary to compare the actual
service with the scheduledne (planned output in term ofime, vehicles and general performance

of the service

However, theactual output is often not exactlysthe plannedonedue todisturbances that interact

with the processiiuman behavior, weathebther trafficz Xand generateutput variability.

Service variabilityin public transports definedas the distribution of output values of the supply side

of public transport, such as vehicle trip time, vehicle departure time and heagMay®©ort 2011)

The variability of the system affegtiramatically thelevel ofquality peceivedby passengerséin
transportationservice reliabilitymay generally be defined as the probability that a transport service
will perform a required function under given environmental and operational conditions and for a

stated period of timé (lida and Wakabayashi 1989

Once describeavhat isservicereliability, variability and unreliability imrban public transportit is

necessary to broaden the viesn the UPT procegs better understand what just explained

Beforethe operations there is thelanning processn which are specified the timetables that define
the planned service that is performed on the lines by the various means during the operations
(scheduled serviceYheplanningprocess is composed by tls¢rategic andtactical level Figure9

shows theentire process

Planning process Operational process

Strategic level Tactical level Operational level

Figure9: Public transport system management stages.
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Van Oort(2011) explains thatm the beginningthe network (strategic leveland scheduldtactical

leve) are designedsince they arenput for the operationallevelthat represens the actualservice

provided to the passengerd/anability of the actual serviceoperational level respect to the
scheduled onedtrategictactical leve) occurs due to the interactioaf the operational processith

the external emironment, this generated S NIJA OS dzy NBft Al oAf AGe GKI
service level perceptianin order to increaseJr 8 A SY 3ISNAR Q f Bi@ecessarftiocus G A a F
at operational level that is where inefficiencies ocand try tomitigate the variability caused by

disturbances

In this first partwe have analyzethe genaal principles of theeliabilityQ & O 2agidh8w. iis
related to variability and unreliabilityNow it is necessary to understand and analyze it more in

detalil.

Concerningservice reliability in public transpgrboth the supply sideand thedemand sideof the
systemare importantsinceserviceunreliabilityperceived by passengesscaused bthe interaction

of the two sides.

o0 The supply sideonsists of the service provided by the operator

o0 The demand sidesthe passenger side including their behavior and experiences.

In order to better understand why the output providdy the process is subjectedgach an extent
of unreliabilityand n this way being able to understand how to mitigétat is important to analyze

in detailthe variability coming from theupply and demand side

Supply side

The public transport system supply side is composgdlbthetrips performed on the linesalong

the day The number of means serving tlee and its lengtldetermine the frequency of departure
offered to the passengersThe frequency determines also the headways among different means

that are an aspect to keep in consideratitinguarantee agood service levePart of the DSShat

we will present during this thesis focuseslmgeneation of suggestions to optimize the regularity

of the linehencemaintaining reqular headways

Duringthe planning phasehe schedule is builin a deterministic way without considering the
possible variations that occurs due to the interaction of disturbances with the operational process.

In an ideal situation, vehicles depart on time from the terminal and drive perfectly according to the

51



schalule. Unfortunately,deviations and variations of the supply sid@ppenfrequently. Van Oort

identifiestwo different kinds of variability that can appear at operational side

1. Terminal departure time variability This is themisalignment between thactual and the

scheduled departure time at the terminals

2. Vehicle trip time variability This is thenisalignment between the actual and the scheduled

trip times along the route.

It is fundamentaht this pointunderstanding in depth how variability wakn order to intervene

effectively and control it.

1. Terminal departure variability

If we assume that the actual trip is stick to the planned one and the only aspect that varies is the

terminal departure timeit is possible to assume a misalignment between actual and scheduled

operationsas shown irfigure 10.

Trip 3

rip
- Dcw ation

Time

lCIIIlIIIdI
departure
\«‘U‘Iabllll}

Distance from terminal
Dotted line represents the&cheduled service, straight linespresentsactualtripsthat vary according to the departure
time.

Figurel0: Variability of service causes terminal departure time variability; (Van Oort, 2011).

2. Vehicel tip time variability

According to Van Oort to descrilep time variabilityit is necessary to consider bobriving time

andDwell times:

Driving timesare composed by the actual driving time that is needed to cover the route between

two stops, this time is inclusive of all thaplanned stops during therouté K & R2y Qi 3 Sy ¢
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boarding or alighting. The unplanned stops ane of the major causef trip time variability. The

length of the line is directly proportion&b the trip time variability

The other part of vehicle trip time thwvell time, which is the time used fordarding and alighting
at a stop This element wriability is positively related witthe number of stops that there are on a

line. Figurell presents thetrip time variability considerinthe single mean

_—
/

Variability of

/ arrival time/
/ / Deviation
Variability of
departure times

Time

- -
-- =
-e- =

Distance
The dotted line represent trecheduled servic#he straight linesrepresent the actuaservice. In this casee are
consideing both variability in departure times and variability in vehicle trip times

Figurell: Variability of service: example of variability of departure (at stop n) and arrival {ahe®pn+x)
(Van Oort, 2011).

If we consider theaelation among different vehicleét is possible to noticéhat headwaysbetween
successive vehicles at s®m@re not constant as well. The misalignment of headways between

different means is shown ifigure 12.

Variability of

hM
Trip 4 //—
y

Time

Trip 1

Distance

Figurel2: Variability of headways between successive trips at diff. stops along the route; (Van Oort 2011)
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Now it is important to introduceanother concept of extreme importance for the development of
this thesis, thepropagation of variability. Thisis a commorand harmful aspect that affectauplic

transportation systemIhe DSSwe are going to present along thisgearch will have also the

objective to mitigate the propagation of delay hence variabilithis issueaffects service

performances principally in two ways

a. Propagationof delays at the terminal A late arrival at the terminalf not absorbed by the
slack insertedn the scheduld timetable, generatesa delay on the successive departuire

this case it is considered ortlye single mean

b. Deviation propagationon the line iself. If trip time variability affectsnore than one vehicle
it triggers a mechanism called bouncing. This mechanism brings to dilate headways until it
generates queuing between two consecutive veldcl€he meclanism of buncing is

illustrated infigure 13 (based on Chapman 19)8

Time vehicle 1 Bunching

4 7|~ Time vehicle 2 O
= = Time vehicle 3 ’
.
/
g
/

7
/ H+d+(T2,1-T1,1) H-d4(T2,1-T3.1)
/
TLI T2.1 T3,1°
;

Time [min]

w

Stop number

[¥]

Figurel3: Bunching illustrated in a timgpace diagram; (Van Oa2011).

Van Oortexplains bouncing as foll@vdf a vehicle suffers from an initial delay (d), the actual
headway between this vehicle and its predecessor increases (and will equal the scheduled headway
H plus initial deviation d). Due to this longer headway, the number of passenger at the stogg waitin
for this vehicle will be increased. Due to this larger number of people, dwell time will be extended
(T2,1 >T1,1). The extended dwell time will create even more delay and thus the headway ahead will

increaseeven morgH+d+(T2,471,1)). This process veliforce itseland will lead to larger delays.
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When we look at the headway between a vehicle and his successor, this mechanism works the other
way around. Due to the initial delay, the headway shrinksl)(ldnd the number of passengers

waiting for the secessor will decrease. This enables shorter dwell times (T3,1<T1,1), which decreases
the headway even more. This loop will enforce itself as well, resulting in bunched vehicles. The

successor willeach the vehicle and they abeinched (at stop 4in figure 13).

Demand side
Now our attention is moved to the demand side, here the subject of the asalysio more the
operationsbut the passengerFigurel4 shows the different components that describe the demand

side

Transfer |«

v

Waiting | | Access (| Waiting [ Boarding [ Moving [ Alighting | Egress
at origin at stop (in-vehicle)

Figurel4: Passenger travel time components; (Van Oort 2011).

0 Access timeThisis the time needed to the passenger to get to the departure stop

o0 Waiting at the stop This isthe time that passes between the arrival of the passenger and
the departureof the vehicle Passengers may arrivandomly(typical behavior adoptety
passengergduring peak hours4 high frequency serviger they may plan their arrival
according to the schedulgypical behavior adoptedy passengerduringsoft hours4 low
frequency servigeDuring the development of this work our attention will go on pick tsou
these arethe parts of the day in whichthe highest number of inefficiencidsppen there is

the highest deman@nd the higlest frequency of service;

o Boardng: It is the time needed by the passenger to get on the vehicle once arrived at the

stop;

0 Moving: This is the in vehicleme that passes between the beoding and the arrival at the

destination stop;
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o Alighting: It is the time that passes between the arrival at the stop and the moment in which

the passenger get off the vehicle

At this point if the passenger nestb get another mean to reach thienal destination it entesin a

loop that restarts formwaiting @ the stopand finishes when it gets to thfenal destination stop.

o0 Egress:ltisthe time neeedto get from the final destination stop to the final destination.

¢KS LI aaSy3asSNna GNI @St GAYS géngradibe t6tal yravel tink @S NJ
of a passengerlt is important tohighlight thatin case of transfergyaiting timeandin-vehicle time

occur for evey service line used and that in addititmnsfer timemay arise

Theexpected vale of passengéritavel time that with the travel comfortis ane of the two aspects

that composeservice reliability is one of the mst important drivers that determinethe travel

choicesmade by peopl€Allin and Wright 1974, Schmocker and Bell 2002)

b2g> Ay 2NRSNJ G2 dzy RSNEROGFIYR K2g aSNIBAOS O NAI
unreliability perception, it is necessary telate the elements that generate variabiliguring
operationwith the passenget avel time componentThispassage is furaimental to understand

how the variability of the operational process and the perception of customer service unreliability

are connected.
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Variability on travel time component&lation between gpply side and demand side
Van Oort(2011) with figure 15, showsti KS NBt F A2y 0SG6SSy GKS RSYI
0KS &dzLJLX & as\TREdsprexpl@ing hadv yWaBiability in operatisngenerated by the

interaction between the service and the external disturbandafiuences the variability of the

A 2 LA

Supply side (Vehicle)

Departure
time Arrival time
Trip time

Headway
v T
A
v .
In-vehicle
Waiting time time — Arrival time
4

Arrival time at stop

Demand side (Passenger)

Figurel5 Ly G SN} Ol A2y 0SG6SSYy RSYFYR FyR &adzLJLX

In the graphic are illustited the different existingrelations betveen demand and supply side
Passenger waiting timis determined byactual headwaysanddeparture timeof the meansgupply
side andby thepassenger arrival time ahé stop(demand sidg Inaddition it ispossible to notice
that passenger irvehicletime is equal to the trip timeln the endthe arrival time of the means and

of the passenger is the same.

Theanalysigust performedshows and aalyzes in detail theelationsthat there are betweersupply
sdeQd @ B pasderiga®@l €3 A RS doemMdnd side)Tabld2 fecaps the main aspects

analyzed in this section.
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Production process’ variability and unreliability; urban public transport case
Step 1 Presentation of the general concepts of variability and unreliability in a generic production
P process following cybernetics’ principles.
Step 2 Contextualization of the concepts presented along step 1 in urban public transport
p systems.
Step 3 Analysis on how variability acts at public transport supply side level (Operational level).
Step 4 Analysis on how variability acts at public transport demand side level (Passenger level).
Step 5 Relate the components that constitute the supply-demand side.
Obiective Description of the concepts of process’ variability, reliability and unreliability and their
4 contextualization in the urban traffic transport process

Table2: { dzYYI NB dG+FotS 2F aSOGA2Yy dat NB R dzGuadpiyic thiN®® S a a Q
Ol as¢ o

Starting from what obtained up to now it is possible to increase the level of detail of this analysis to
understand and describe the relatiod S 6 SSy &aSNIIAOS NBfAFOoAfAGES
perception.

Reldion between service variabiltyy R Odza 412 YSNBEQ & SNIIAOS f &
In the previous sectioft has beenshown that the level of serwcreliability isgeneratedby the
interaction of the supply side with external disturbances that generate variability in the process
hence unreliability for customerdlow we wantto demonstratethe impactof service variabilitpn
passengers, with a special focus on travel time reliakaliy variability to find an available seat

This passage is fundamental to describe and understangthich aspects of the process we will

need to focus on in order to optimize the level of service offered to passengers.

Passengergdue to the variabilityand the uncertainty of the service offeredxperiencethe two
negativeeffectsintroducedbelow (Noland and Small 1995, Noland and Polak 2002, Van Oort and
Van Nes 2004)Note that due to the stochastic nature, the impacts on individual passengers may

differ from average values.
1. Variability of travel time componentsvith consequent impact ottrip time duration;

2. Impact on probability of finding a seatan@S K A Of S Q& Gvhidh affedtsythigdvel S @ S f

of comfort of the journey.
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This demonstrates thahe variability of the process lowers sensibly the level of service reliability
that passenges experience.This confirmsthat in order to offer a more appealing service to
customers it is necessary to focus@perational variability mitigationNow we wil analyze in detalil

the two aspects just mentioned.

1. Variability of travel time componentgth consequent impact otrip time duration
Passenges are strongly influenced in taking their decision by the travel time that the public
transport system offethem. Furthermore the misalignment between the expected travel time
(scheduled servigand the actual travel timea€tual service performédt is one of the main reason
that discourage people that live in urban areas to use RT &is pointit is impatant to highlight
that irregular transport servicemfluence bothin-vehicle timesand waiting times now we will

explain the reasons.

Figurel5shows the presence ofdirectconnection between thérip time performed by the vehicle
and theln-vehicletrip time of the passenger. This means that if there is variability in the trip time
also the passenger will be directly affectefls we have seen trip time variability triggers bouncing
mechanism(figure 13, this willresult in longer irvehicle timesdr a part of the passengers as well
as shorter invehicle timedor other ones The effect just describeld mainlydue to the irregularity

of headways generated by disturbances that creates turbulencepgrations;from here, it is

possible to understanthe importance of having a system that will help dispatchers in keeping

reqular headways between different means.

An important aspect to consider is that case of bunching thaverage irvehicletime and the
average waiting timet the stopwill be exended. More passengers will suffer from the delay than

the number of passenger benefiting from the speeding up of the successive vehicle, because the
slowest vehicle will collect more passengésimce it will take more time to arrive at the stop there

will be an higher number of people waiting foJ) it

When passengrs arrive randomlat their departure stop and services are regukarerage waiting
time per passenger will be equal to half the headway of the departing vef\i¢edding 1957, Osuna
and Newdl 1972, Heap and Thomas 197&) theory, half of the passengers will have a shorter

waiting time and half of them will encounter more.
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However, when headways are irregular, the average waiting time per passenger will increase
Headways will be both longer and shorter than scheduled, but the number of passengers benefiting
from shorter headways will be smaller than the number of suffering from longer headways and

longerwaiting times

As analyzed in chaptet.1.1, service vaability producesan increase in the trip time due to an
increasein the variabity of its componerd. This is aritical aspect beausetrip time variabilityis
one of the aspecs on whichcustomes carethe most(seefigure 6), soare needed systemsnd

approaches able to mitigate, iin fact this will be one of the main objective of this thesis.

2. Impact on probability of finding a seat @S K A dtoivdngQiével.

tdzof AO GNIF YALRNIFGIA2YQa OGSKAOE S { NAmelbupitaled | 6 A €
decreases the travel comfort of the passenger. The variability generates irregular headways that
triggers bouncing mechanism. This brings some vehicle to be almost empty and others to be
overcrowded, in the second case the passengersahged to travel in uncomfortable conditions

since it is difficult to find a seat and in the worse cases it is also impossible to get on the mean

because there is no room available inside it.

Van Oort(201]) illustrates this mechanism ifigure 16. A simlar problem can be generated al$o
a departure is canceldoecause the successive vehicld wdve to loada higheramount of people

than normally expectedn the endthere are other two aspesthat it is important to highlight:

1. Crowded vehicles amne of the causes/effects that increase the headways irregularity and

produce vehicle queuing;

2. Crowding is one of the aspect that affettie most the dwell time variability, so it increases

also trip time variability
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Figurel6: Distribution of passengers in case of regular headways (upper part) and in case of irregular
headways (lower part); (Van Oort 2011).

Concerning to what we have seen up to now tlegel of service variability affectsegatively
passengers in different way3$his fact decreasgublic transportation attractivenessspeciallyif
we considerthe relative attractiveness compared to other travel optidhat can be for example

private means.

A low level of srvice reliality affects also theappreciationof public transportin general. A low
level of service damageke image of the public transport system, which may deternarfature

further decrease intie use ofPT services.

The extension of average travel time, thariability of travel time and the decreasef the travel
level of comfortmay all lead tachanges irpassengei €hoicebehaviorthat can decide to change

modality of transport because not satisfied by the servftfered.

What just said highlights thpotentiality to gain customer consensusproving service reliability
Vrije claimsthat people are likely to changeeir mode of transport in case changes in thdevel

of service reliabilityTable3 shows the results of his researches, looking a tigure presented
under it is possible to claim thaervice unreliabilitygxpressed as standard deviation of travel fjme

has a great impact on the mode choicetr@velers Especially occasiontihvelersseem to be very
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sensitive to changes in unretidity. From the results coming from this research it is possible to see
GKFG 'y S@Syiddzat RSONBFAS 2F GNARLI GAYS NBEAILOG

appreciaton of public transport services

Regular travelers Occasional travelers Non trevelers
Decrease of unreliability 9%! 22%! 9%!
Increase of unreliability 17%! 44%2 -

Xt:Part of travelers that willravel more often by public transport

X2:Part of travelers that will travekss often by public transport

Table3: Effect of change in unreliability in the mode of transport.

Table4 recaps the main aspects analyzed in this section.

Relation between service variability and customers’ service level perception.
Step 1 Analysis of the impact generated by variability on travel time duration
P (trip time + waiting time)
Step 2 Analysis of the impact generated by service variability on passengers’ travel comfort
Step 3 Analysis of the sensibility of passengers in relation to the extent of service unreliability
Objective Analysis of the discomforts generated to customer due to service variability

TabledY { dzY Y I NXReldtibndétveenzdrvicé variability and cusbBE Q a SNIDA OS

w»
[N
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Causes of service variability and unreliability

In thefirst part of the literaryreviewwe haveintroduced thesituation in which the public transport

has to operate. First describing the mobility trends expected for the future then analyzing the
customer sources of value focusing partaly on the serviceeliabilitythat is the quality aspeain

which passenges carethe most. Now that are well knomthe aspectghat needto beimproved in

order to have a considerable leap in the quality of the service offered by public transport companies
(whereto interveng it is important to understand which are the causes that generate inefficiencies

(howto interveng.
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As we have seen previoughere are tvo main fypes of service variability:

1. Departure variability

2. Trip time variability
a. variability in drivingime;
b. variability in stopping timg

c. variability indwelling time

Several causeare responsibledr deviationsand variability now it is fundamental identify and
analyze all of them in order to understand how to intervene in order to reduce in the end service
unreliability. First t is necessary to distinguishthey areinternal or external this fact determine

the possibilityfor operators and public transport authoritiedo deal wth them. In order to identify

the causes it is necessary to analyze the literary review concerning the relation between planning,
operations and service reliability offerédb St & 2 y | y RChambdSMildor 2006 sivVeigseéth

et al. 2007).Figure 17summarizes the relation between trip time variability, intefcauses and
external causesThe graphicshows the main causes of service variabitityd indicates which

elementsof the trip time variabilityare affected.

Internal canses

Schedule quality Diriver behavior Infrastructure design Service network design Other public transport

—

Crew avanlability

b ALY
Vehicle
availahility

W

Terminal depariure
time variahility

Wehicle design

Trip time
variability

Disiribution
stopping time

Weather Other traffic Irregular loads Traveler behaviour

External causes

Figurel7: Main causes of service variability in urban public transport.
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Now we willanalyzed in detail the causes that generatesninal departure time variabilityand
the trip time variability (driving time + dwell time +stopping timéle will make a distinction
between internal and exrnal causes in order to better identify on which arears focus to make the

DMSS an effective tool.

Causes ofgrminal departurdime variability

As seen previoug departure variability can generate a misalignment between actual and scheduled
operation that produces trip time variability for the passenger hence a decrease of the service
reliability offered Now let s focus on the causes that leads to the generatof this particular

variability.

Internal causes:

o Crew availability This is a necessary resource to guarantee an on time departure. An
important aspect® consider is the possibility delay propagation, if a driver arrigéate at

the change stop the driver that has to start his duty inherit the delay of thedivst

o Vehicle availabilityAs for crew availability the vehicle have to be ready to deptrérwise
it generates a delain the departure. Delayedepartures can be spread on more means if
there are failures in the loop mechanism to turn vehiaeshere is traffic congestion at the

terminal.

o Terminal infrastructure configurationin case of errors in the infrastructure design
(insufficientcapacity delays have to be expected due to traffic congestions that can be easily
generated and that make the departungrocess wwer. In this case and in presenceaof
tight schedule with high frequency, it is very easy to spread departure delays among

different meangKaas and Jacobsen 2008

0 Schedule qualityif the schedule is loose (too much trip time in the schedule than actually
needed), drivers tend to depart late (depending on their attitude and drigityle). The
other way around a tight schedk leads to an early departure. Another issue of schedule
quality is the amount of slaglanned;it determines the possibility to recover from arriaal

delay.
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o Driverbehavior Howa driver adjustdis degrture time if delays arexpeced (e.g. incase

of road works).

In dealng with variability propagationthe arrival of the precedent trip at the terminus is
fundamental If vehicles tend to arrive late anlde slack is minimized, departures vk delayed as
well. Since this aspect it is so fundamntal in order to provide a regular service we will focus a lot in

order to mitigate this aspect

Causes of tripime variability

Trip time variability is one of the elements that has the highest impact in reduction of service
reliability. Now we willdescibe the causes that contributen generating this kind of variabiliip

order to understand which are the aspects on which we have to focus to make the decision support
system that we want to create a useful tood do this it is necessary to distingliisetween internal
causes and external caus@isdiginction is needed to clarify the variability are generated by

internal inefficiencies or by the interaction betwe#éme process and external disturbances

Trip time variability can be dividaedto three comporents:

1. Driving time;
2. Stopping time;

3. Dwelling time.

Shelby, 200%tudied which are the aspects that influence the viility of trip time. He says that
not only the length of the line but also the number of intersections passed, the numbsppes$

along the line and the numbef vehicles that serve ih relation wth the frequencyare factors that
strongly influg OS 2 LIS NI (i A 2 yhénde tHe)SeNIELqNatty offédesl #o the passengers

Now we will considethe trip time comporentsindividually, this will allow us to analyze detail
the vehicle tripproces and it will give us the possibility gain insights into the causes total trip

time variability.

Driving time + Stopping timé1:2)

The first process analyzed is thiiving between stops including accelerating, braking and
unplanned stopping. Since the causestoppingmay also be responsible for slowing dowrmiates
these two components can beeated uniquely The causes presented below are responsible for

actualdriving time and stopping time variability
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Internal causes

o Driverbehaviot5 NA SNEQ RNAGAYy A &G ef énelbdclusehéreareK S O
drivers that drive fasterrad other ones that tend bslower. The driving style influengalso

the approach in presence of slowing down or in case of completely stop

o Other public transportBoth on the same route as on junctions, other public transport may
affect the driving and stopping time variability. In case of signalized sections this influence is
most of time even larger, especially when frequencies are close to the theoretical gapacit
of the system The probability of delays will then increase, also resulting in service variability

(Goverde et al. 2001, Van Oort and Van Nes 2009a, Landex and Kagas 2009

o0 Infrastructure configuration The infrastructure design (stops, junctions, lan@®ssings) is
another aspect that strongly influensé¢he trip time variability. We have to consider that
the public transport has to operate in an environment in which the external fadtaat
influence its variability (e.g. traffic) are constant, $@ tinfrastructure configuration is an

important aspect that can strongly influence the level of service reliability.

0 Service network configuratioimhe configuration of the service network may be of influence
on service variability. Examples are the raenof linesor stops on the same routend the

length of lines

0 Schedule quality It is anaspect that strongly influeneeR NA GSNB Q 06 SKI A 2 NJ
variability. A tight schedule can have different influesioa drivers. On onéand there are
drivers that feelthe pressure and want to follow the schedule so they drive faster on the
other hand there are drivers that do not change their driving style and are more focused on

safety. The difference of reactions increase line irregulahniénce vaiability.

External causes

o Other traffic This is one of the main causes of service variability and unreliability because
LJdzof AO UGNIF yaALRZNIQa O2YLI yASa R2 y24 KIF @S |
worse during pick hours when there is thgghest frequency of the service and the highest

demand so the possibility to increase the variability is very high.
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o0 Weather conditionsDifferent kinds of weather and the different drivieehavioraccordingly
may result in variabilityH{ofmann andMahony 200%. This mainly occurs when the weather

is not in the regular state

Dwell time (3)

As mentiored before dwell time variabilitys an important factorthat generates service variability

and unreliability Having long lines with many stops are two factors that increase the impact of this
element on service reliability.

According to what presented figure 17, it is possible to distinguish the following cassa dwell

time variability:

Internal causes:

o Driverbehavior It influences also the dwelling time. The speed with which it opens and
closes the doors, the use to wait late arriving passengers and the approach used to brake

and to accelerate to get back on the line are aspects that increase seariedility.

o Vehicle designThenumber and position ofehicle? R thiudliie thedwell processa
good desigrgenerate a positive influencen service reliabilityWeidmann 1995, Lee 2008
and Fernandez 20}0Vehicles and platforms that facilitate the boarding and the alighting
of passengers allow saving a lot of time because they enable people to do the process faster.
The variability of the service generated by a-syimal design is higher during pick hsur
(many people waiting at the stops and crowded vehicle). On the other way around a good

design can help in keeping a good service level.

o Platform designThe platform design affects the variability divell times by affecting the
passenger bleavior. Thedesign leads thalistribution of passengers over the platform
enabling an optimal dwell process. Width, length, location of sheds and other facilities are

important elenments and in case of sutptimal design variability may arise.

External causes:

o0 Passengebehavior Several types of passengers have different boarding speeds (speed
differs for instance due to age, experience, luggage) resulting in variability in dwell rmes.

any case thisaspect is strongly related tthe platform and tothe vehtle designthat
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influencethe behaviorof passengers duringnekelling processA phtform and a vehicle that
facilitate people with dfficulties inmovementcansave time that otherwisevould impact

on service variability.

o lIrregular loads The eliminationof a ride and irregular headways can generate irregular
loads. Naturally, the dwell time has a positive relation with the number of people that have

to board and to alight. Due to these reasons irregular loads increase trip time variability.

In this andysis we have presentetthe main causes ddervice variabilitycategorized byterminal
departure variability and trip time variability considering both internal and the external causes
Now it is possible to sapat the main internal causes aneehicle awilability, crew availability and
other public transportvhile the external causes are thather traffic, irregular loads and passenger

behavior Table5 recaps the main aspects analyzed in this section.

Causes of service variability and unreliability

Step 1 Analysis of causes (internal) that generate terminal departure variability hence service
P unreliability
Step 2 Analysis of the causes (Internal-external) that generate trip time variability (driving time,
P stopping time, dwell time) hence service unreliability
Obiective In detail understanding on how the different causes of variability interact with the process
4 in order to have an initial idea on how to intervene to improve the reliability of the process.

Table5:Summanii 6t S 2F GOl dzaSa 2F ASNIBAOS OFNAFOoAfAGE
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Qitical conclusions summary

Along chapter 2.1.2we have analyzed in detail process/service reliability, variability and
unreliability. In a generic systewariability is due to the interaction afisturbances with the process

that as consequence deviate from what scheduled, when the misalignment between actual and
planned performance is too high variability of the process rasmtunreliability. The same
principles can be applied in the public transportation system, we have disturbaisregption
eventsthat interact with the rvice offered to customers generatingriability that, overtaken a
certain extent, becomes seice unreliability for passengetbat experience a lowering of service
quality level.Figure 18 resumes the concepts of service reliability, variability and unreliability in
urban public transport systems.

Customers’ level of

service requirements . R
Service unreliability

S m A

“«————» Service variability

Process 0utput
Output
Network infrastructure
.T;’mr.embl'e schedule Disturbances/Disruptions Vehicle trips from stop to stop including actual
.Vehicles schedule departure and trip time
.Crew schedule .Disturbances: Minor events.

.Disruptions: Major events
Figurel8: Scheme that shows the conceptsefvice reliability, variability and unreliability in UPTS.

To understand better how all of this process works in pubdinsport we have analyzdtie supply
side (service provided by the operajpothe demand side(passenger sideand the interactions
among them because unreliability of the service perceived by passemgehe results of the
interactions between the two sides.

On thesupply sideve have principally two types of service variability:
3. Terminal departure variability

4. Vehicle trip timevariability (driving time + stopping time + dwell time)
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We have discared that two aspecs that arecause and effect of the varidiby of these two
components arghe propagation of delayand headway irregularity that, among others, trigtjes

bouncng effect that in the end brings to queuing between different means.

While, concerning thelemand sideafter having analyzed the entire passenger travel process, we
have found the existence of a strict relation between the variance of the expected whlue

LI aaSYy3ISNBRQ GNI @St GAYS FyR (GKS tS@St 2F aASND
In the end relating the two sides, we have idéietd and analyzed the linkbat there are between
variability in the operationsand theservice unreliability perceived lpassengersA conclusion is

that having an irregular line (irregular headwayspme ofthe main causgof service unreliability

for passengers because it increasesitlexpeded travel time and decreases tindevel of comfort

(the two most important quality aspestfor customers).Another aspect to ta care of isthe
propagation of delayshat isalso a main cause of variability of the service hence unreliability for

customers Two main objectives of the D&&@t will be proposed in this thesis are the maximization

of line reqularity and minimization of delay propagation

Once identified which are the main aspects that lower the level of service reliability we focused our
attention on the causes that generatdsem making a distinction betwed®rminal departure time
trip time variabilityand internalexternal causesWhat found in the end is that thmain internal
causes areehicle availability, crew availability and other public transpdrile concerningxternal

causesve have identifiedbther traffic, irregular loads and passenger behavior

All the materid analyzed along this chapteautght us that the main aspects emhancein order to
provide to passenger a service that meets their expectatareshe levelof the expected trip tim&
and agood level of comforfThese aspectare heavilyinfluenced byocheadway irregularity and
cdelay propagatiod G KIF G | NB 3 S ypsollénms Svith veYiitleh auaildbilityd &rew
availability and other public trangpt. Now we knav which are the aspects on which intervene for

AYLINRPGAY3I OdzAG2YSNRBRQ &l GAATFIFOUAZ2Y @

70



In chapters2.1.1 and 2.2 we have described the situatioin which theurban public transport
systens (UPTSpperate definingand analyzingll the dfferent causes thatontribute increasng
the variabilityof the serviceoffered. Now the Focsiisshifted on the disruption managemenand
reschedulingthat are the approacks (operational level) used by transportation companieso
manage disturbanceand disruption eventshat affect the quality and reliability of output3he

structure of this chapter is shown figure 19.

2.1.3. Disruption
management; UPTS current
approaches,criticalities and

limitations
I

I l l I
Which are the

What is disruption Which are the current criticalities and Which are the
approaches adopted by T .
management? UPTS? limitations of these conclusions?
: approaches?
Disruption UPTS current - ]

— management and approaches,criticalities Crltlcsztlrﬁ?nnacl:rlusmns

rescheduling overview and limitations y
] Disruption

management features

Figurel19: Chapter 2.1.3 structure.

Disruption management and rescheduling overview
Let s start this sectiorintroducing the concept ofescheduliny Rescheduling is the task of

adapting an existing schedule to a modified situadighars Nielsen 2011)

Naturally, two questions rise from this definition; firsthat is a modified situatioh Andsecond,

when is rescheduling preferable over pure schedaling

For the first questiowe define a modi&d situation as a change in tegstemfor which the existing

schedule was planned; the changmkesthe existing schedule either infeasible or suboptimal.
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One or more of the following properties may characterize the modified situation

o achange in availabilitpf resources oinfrastructure
o0 achange in demand

o0 achange in the system environment

For the second questiave note that there is natrict consensus on when resahding is preferred
over pure scheduling, but we give a number of informal reasioasexplain whya problem should

be considered a rescheduling probleathrer than a scheduling problem:

0 The existing schedule is feasible (or even optimal) for most, but not all, of the modified
situation. If the modified situation concerns a geographically or temporallyricesd

modification we may want to limit our response to the affected parts of the schedule only.

o0 There is only limited time available for creajia new schedule. If the prtdm exists in a
time-critical environment, we may want to limit our efforts tescheduling the subset of

resources that cause infeasibilities.

o There may be costs associated with deviating fiaithe existing schedule. In order to be
more efficient as possible the final choice might be tacklepgtablem rescheduling rather
than make a schedule from scratch.

The rescheduling problem studied in this thesis is referredublic transportation systenfurban
areas) management poblem andit is the problem of rescheduling an existing schedule to a
modified siuation dictates bydisturbances that affect the process and create variability in the level

of output hence discomfort for passengers that are unhappy wie service

The execution opublic transport operationsvolves motitoring the positions and moweents of
all resouces, and reacting to any unexpected deviations from the plans. Deviations from the

operational plans may requineschedulingpf some resources.

Naturally, some deviations are more serious than othén practice, there is a disction between
minor andmajor incidentsMinor incidents are called disturbances and major incidents are called
disruptions The distinction is purely practical and not well defined,ibdepends on the impact on
the operations. As a rule of thumHdijsruptionsrequire significat changes othe pre-set resource
schedules, aisturbanceis an event that causes part ¢fie operations to deviatefrom the

operational plans.
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For example, at a station the boarding of passengers may take longer than planned for a certain
meanleading to a delay in departure. Disturbances are usually absorbed by the slack in the system

or can be handled by small changes to the resource allocation.

More serious incidents are known as disruptions and these incur major devifittonghe planned
operations. Disruptions may be caused by various internal or external factors such as a faulty switch
on a busy track, broken dowwehicle or damaged overhead wires. Disruptions generally cause
serious timetable changes wherseveral departuresare cancedd or rerouted.The timetable
changes invalidatthe planned resource schedules so they will have to be updated to take the actual

situation into account.

oDisruption managementefers to the process of dynamically revising an operational plan to obtain
anew one that reflects the objectives and constraints of the actual situgemYu and Qi (2004)
Disruption managment refers to the task of adapting the three main entities, tireetable, the

vehicle ircirculationand thecrew schedulego the actal situation.

When thee are problemsit is necessary to intervene aperationallevelin order to bring back
stability in the system, when destabilizing events occur the disruption management process starts.
When aproblem is detected the followinthree stepsare necessaryo recover the situationEach

step is related to updating one of the three mentioned entit{gmetable, the means circulation

and the crew schedule

In thefirst step, thetimetableis updated by acaceling or changinmeans dearture. Degpending on
the nature of the disruption, dispatchersanually(this is a grealimitations) decide which services

are affected by the disruption and dpte the timetable accordingly.

In the second stepthe vehicleschedulesire adapted to servéhe updated timetable. Thevehicle
circulation has to be updated to conform to the actual situation while fulfilling a number of
operational costraints It is generally a goal in this process to minimize the changes from the

existing plans.

In thethird step, the crew scheduleare updated so that the correciumber ofqualified drivers and
conductors are assigned to eagéhiclein the updated timetable. The Crew Rescheduling Problem
is subject to a number of constraints as crews are entitled to breaks, there are limitations on the

allowed length of duties and crews have to get back to their crew bases at the end of their duties.
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The proposed changes to the crew schedules are negotiated with the affected crews to ensure they

can be realized in practice.

The three steps are interdependent in the sense thatig itot possible to assign vehidecrew in
the second or third steghe timetable from the first step may have to be revised again. Furthermore,
the process takes place in a dynamic environment that continuously affects tHaldgaoptions in

the process.

Disruption management features

A disruption in gublic transportsystem as described previouslis an event or a series of events
caused by external or internal factaifsat leads to substantial deviations from planned operations.
In ether case, new restrictions amaposed on the system. These restrictiongyinvolve resources,
infrastructure components or botiNow the focis moves to two aspects that aiat describing a

disruption in a more detailed way:

1. Characteristics of the impact generated by disruptions

2. 5A&NHzZLIG A2y Q& SEGSYd 2F dzy OSNIF Ay G é

1. Characteristicsf the Impact generated bglisruptiors

Regardless of the cause of a disruption it has an impact oRPTsgstem. That impact is generally
in the form of a change in the system settings, a changesource availability, or both. We here
discuss some ovall aspects of the impact of disruptions.

A disruption may causeanange in the environmenin which the system operates. The effect may
be decreased maximum speed\a@hicleor even preventehiclefrom running on certain parts of
the network. Closing stoptemporarilyis another example of a changethe system environment
GKFG I FFSOGa GKS aeadsSyQa loAfAade (G2 2LISNIXiGSo
Disruptionsmay alsdnvolve achange in resource availabilityThis is the case whemhiclebreaks
down or whencrew calls in sicklhe respons¢o a change in resource availability is ssplan the
current operationsapplying only the available resources that may include giving up some of the
planned services. A change in the availability of resources malyebeatuse of the disrugin or a

consequence of the disruption.

As mentioned, the disruption may indeed be causeddlyiclebreakdowns, or a lack of crew, or a
blockage may preventehicleand crew from being at the right place. Additionally, some resources

may be taken out ofegvice to undergo preventive maintenance or to build up a buffer of additional
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resources for an upcoming event. For example, seetaclemay be removed from circulation if a
snowstorm is expected to ensure thegrtain amounts of functional vehicles aaeailable when the

weather conditions have settled.

Another important aspect that have to be taken into account isuhpredictability of eventghat

leads to a disruption, and when an event is anticipated consequences areven harder to
forecast. Somevents are completely spontaneous and strike without warning. This is generally the
case with collisions with other traffic. Other events are predictable to a certain estacht as
adverse weather contions. Another example is during a flu epidemic wargiven share of the
population is sick. Then we would expect a similar share®ptrsonnel to be sick too. Hawer,

the exact shortage of staff is not known beforehand as well as wheffier sick share of the

personnelmay also includ&ey personnethat cannot be replaced on the short term.

In the end he decision making procesassociated with disruption management exists itinae-
critical environment After the occurrence of a disruption, the first decisions on how to adapt the

system must be nide within a few minutes.

It is very important to be reactive in this kind of situation because with the passing of the time also
the magnitude of the disruption increase affecting other lines until it is reached the complete
blockage of the system. Time is critical in this kingitfation, but it is important to understand

that another crucial issue is the restoration of service stability after thactiteealevent has been
solved(the lines interested are still deviateln order to accomplish this objective it is necessary t
intervene on the three elements mentioned before to bring back the line close to its equilibrium

(constant headways between consecutive means.

25 A 4 NXzediet Bfyirertainty.
One of the main features of disruptions is thelated uncertainty. We have already mentioned
uncertainty, namely thaunpredictability of the events that lead to disruption addition,the

uncertainty of the impact is an important characteristics of the disruption.

Generally its difficult, if not impossible, to forecastie exact impact of a disruptiowhen it occurs.
However, for some localized disruptioniss possible to knovirom experience whaare the likely

outcomes of the situation

Consider the example offailing switch at a busyailway node Firg, a problemwith the switch is

detected. Then, a repair crew is dispatched to assess the state of the problem and repair it. When
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assessing the damage the repair crew determines hawyeh time is needed before the switch is
again functional. However, thestimate of the time needed for repair may be given as an interval

such as two to four hours, addingpcertainty tothe situation.

Another example is th@ccurrence of accidestIn such an event, the poliaaust conduct an
investigation. Independently ofhe outcome of the investigation the involved infrastructure is
blocked for an uncertain amount of time. From experience the operators khewelation between
the length of a blockage and its reperssions on the lingbut since the amount of time is not

know in advance also the extent the repercussion is uncertain.

In addition to the uncertaintpf the impact of the disruptiosome details of the state of the system
may be uncertairas well. For example, exact information on the positions ofedliclesand crew

may not be available in real time. Also, since traffic control eticledispatching are conducted

by differentoperatorsthe intention of each dispatcher may not be clear to the others. This is largely
due to the locality of informatioror even mscommunication. In recent yeatie introduction of

newapplicatiora KI @S Sy Kl yOSR RA&LI G§OKSNEQ O22NRAYL G

In the end it is also important to consider thacertainty related to available countermeasurem

a disrupted situation the dispatchers attempt to reéot stabilizinghe line However, any decisions

on changes to the preet allocation of resources have to be implemented in practice by the involved
personnel. But the dispatcher may not have fofbrmation onpersonnel and vehicles availability

A dispatcher may come up with a possible solution to the problem that seems elegant, but he may
not know if it is implementable. Fully evaluating all optionanually during a disruption everg

time conaiming and therefore generally not possible.

Literature does not show cases in which disruption management has been applidghimpublic
transport systemgUPTSs)hat operate in urban areas. The reason why this kind of approach has
not been expemented yet is thelevel of complexityhat characterizes the environment in which
PTS#$asto operate. Other industries such asline industryandrailway industryhave studied this
issue for years, but we have to consider that tioggratein an environmentvith alower extent of
uncertainty respect to theUPT one. Let us think about a modern city in which heasjfitt
accidents, road trafficjoad maintenance (ordinary/extraordinary) and maybe also an inadequate
infrastructure to sustain heavy traffsireamsare constanwariables of the system, all these aspects
affect heavly the operation€) |j dthaf i& ibvred due to the high level of wiiability and
uncertainty.
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Thanks to experience gained during the internship done at ATM S.p.A. and supipert of
professors and researchers of TU Delft specialized on public transport issues we have been able to
describe the current disruption management approaches adopted by urban public transport

companies identifying their main criticalities/limitations
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UPTS currerdpproaches, criticalitieend limitations

In urban public transport system the operation is the service that is carried out to passemger
allows them to move inside the urban area, it is the implementation in the reality of the sagedul
time tables defined in the design phase (tactidale). Van Oort (2011) summarizes the

characteristics of thikevel intable6, after we will explain more in detail the concepts mentioned in

the table.
- Network Public transport Passengers
i : - service &ctual B
- Operations | - DaysReal time Schedules ervice & Drivers
- Available crew| tripsintime and o o
i - Dispatchers
- Available fleet spacg p

Table6: Public transportation operational level characteristics; Van Oort 2011).

The operation is the actual service that is provided to the customer, it is a real time process that
operates in a variable and unpredictable environment. Due to this, dispatcheve st order to

make actual operations as close as possible to what defined in the scheduled time table. They
control the service of part of the network@15 lines havingthe possibilityto adjust the operations

if deviations occur. Recent developmemeisable better communications between dispatchers and
drivers in addition to realime monitoring tools Yan Oort and Van Nes 2003zaven if the process

to tackle and mitigate output variability is still principally man@perational level is fundamental
because it is the product that passengers evaluate and buy, for this reason it is important to offer a
aSNBAOS (KIG YSSia LI &aaSyaSNaQ SELSOGHGA2Z2ya o
the modality of transport to adopt. If the final gdctive of public transport companies is to increase

customer retention and acquisition it is fundamental to invest to offer kqghlity service.

In literature it is possible to find different studies that aim rabnitoring the service level and
customersatisfaction (enabling reporting andotimizations of the operations). It is possible to

distinguish two main type aheasurementsnd surveys that areonducted at the operational level

1. Supply monitoring
Muller and Furt2001)and Strathman(2002) describe and analyze in their researches the
use of Automated vehicle location systefAVL)that generatesactivity vehicle monitoring
data (AVM). This technology consish a computer in the vehicle that registers all the

activitiesperformed by the meanuring its servicand sends this information to the ceal
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control room where it isaved in DBsIhe dispatchersise this datao control the level of
AySaQ LISNF2N)XI yOSaA notiteRhatithé Sedvicellgudb §attiglover. ¢ K Sy
Furthermae this data isised by authorities to check if the quality of the service performed
respects the parameters set durimgntractual phase and according to them are assigned

to transportation companies prizes or penalties.

2. Customer satisfaction
Once meagred the performances of the line it is important to relate them with the
LI 3aSYy3aSNBQ aldArAaflrOoOdArAzyod LG A& AYLRZNIIFYD
they perceive the service offered in order to understand where to intervene for incrgasi
customer experience and satisfaction. Through these surveys it has been found that there
are more aspects on which customer care besides punctualiigiasss, safety and comfort
And it is thank to this information that during last years have beemedm lot of researches
about quality aspects evaluated important by passeng@&r{s and Retvel 2007; see
chapter 2.1.1) In fact, one of the main characteristics of our support system will be a

constant attention for all the quality aspects consideredinable by passengers.

Besides customer satisfaction, surveys are used to find out how many passengers travel on each link
(manually or automatic, using Automated Passenger Counters (APC)) and what the origins and
destinations are. The results of thesarveys are useful to optimize both strategic, tactical and

operational design and servicEurthermore, we will use the historical data coming from the APC in

order to build a set of additional information. It will have the aim to helgpalichers in

undastanding whatis the real impactieneratedon passengerBy the application of certain kind of
operational instrumergli K i gAff 6S RSTAYVSR 4GONAGGAOIfEéE 06SO

Driversanddispatchersave a fundamental role at operatal level, because they are the one that

have the power to intervene and mitigate the disturbances that interact with the service offered
that increase the unreliability hence the quality of the service offered to the customers. Looking at
the entire picure it is possible to say that also the interaction of the passengers with the process
has a relevant effect on the fluctuations of service reliability offered (see chapter 2.1.2). Passengers
have to be considered as external disturbances, but transpampamies have the possibility to
mitigate the variability that they produce. An example is the fact that is possible to reduce variability

of dwell time caused by passenger optimizing the design of transportation means (position and
numbersofdoors)and® RS &A3IYy 2F GKS adG2LaQ LI GF2N)¥a o6f
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Now thatwe have a general idea on how the operational monitoring process is castiedle want
to analyzemore in detailthe different methods used by dispatchers in ordemtoderstand where
are the inefficiencies that make the current control process not efficient and effective as it should

be. We have identified five main area of improvement:

Decision taken manually;
Not critical usage of operational instruments;
Reactive aproach;

Narrowshort sight approach in solving disturbances;

a r DN kE

Stiff structure focus on punctuality.

In the continudion of thissection we will perform an in depthnalysis on each of them.

1. Decision taken manually
The monitoring and control processdarried out manually and no decision support system are

given to the dispatchers to facilitate their workheyuse their expeence to solveritical situations.

An important aspect to stress is thaperating manually is impossible to consider all theukands
of variables that are wolved when there are criticalities on the lia@d consequently the actien
taken to tackle themis usuallynot the optimal one. fis kind of approach havéhree main

disadvantages:

1. The quality of the decision vary accoglinto the experience and to the capability of the

dispatchers

2. The quality of the decisiazannotbe considered sufficient since a manualgass denyhe

possibilityto considemll the variables in the systems;

3. The operatorsare not able to identify the degradation of the system performances caused
by disturbancesThis processs very difficult/impossible to detect without the help of a

support system because it #owand degenerats suddenlyduring change hours.

80



2.Not critical usage of operational instrument

Dispatcherdiave at disposition different instrumesito recover an inefficient situation on the line
(see table 7). All the operational instruments will be analyk@nd described in detail iohapter
2.2.2

Operational instruments

Skipping stops

Deadheading

Headway control

Speedingup

Slowingdown

Detours

Short turning

Vehicle holding

Table 7: Operational instruments currently in use by control room operators.

Currentlyoperatorsconsider inthe same way all the operational instrumer{tls) The problem is

that they should take into account that certain instrumergsen if they have a highowerin solving
inefficiencieshide side effects since impaocegativelyalso o passengersrhis highlight the need

G2 dzy RSNARUIYR 6KAOK Aa (GKS AYLI OG 2y RATFTFSNES
generated by the implementation of the different Ols, in this way dispatchers will be able to apply

them in a more critichand useful wayThe DSS proposed in this thesis will both have the task to

help operators in limiting as much as possible their usage and to show them the impact that they

have on passengermhenthere is no other choice but implementing them.

o Example

Cmsideringskipping stops:

This instrument has a great power to recover a delay but at the same time it impacts negatively on
the passengers because the customers that want to get to the skipped stop have to alight the vehicle

and wait for the passage of the following one.

It is important to consider alsthe negative effects generate by these Gésause the final objective

isto promote and improve the usagd public transportation. Utilizinghdiscriminately operational

81



instruments that impact badly on passenger quality aspgcisdistance between PT companies
YR GKS 202SO0AGS (G2 AYyONBIFraS LI aaSyaSNEQ | Ol
3. Reactive approach

Another limitation of the approach currently used is that the interventions tivesalisruption are

always taken after that the inefficiency occur even if sometimes it would be possible to foresee it.
Surface PT companies use exclusivebctive approacheso deal with critical situations, they
intervene to restore line service level when it is alreadynpromised

It is important to say that it is possible to identify two different types of inefficien@igare 20):

1. UNFORSEABLE INEFFICIENGItESe caused directly by one or modesruptionevents

that cannot be foreseen

2. FORSEABLE EFFICIENB4ESre causedboth by themanual interventionsmade in oder
to recover the regularity of the line that has been lost due to unforeseeable inefficiencies
(disruption event) and by the slowly degradation of the line that it is usually produced by

little disturbanceghat slightly affect the operations.

Now we introduce a fictitious example to better explain these concepts.

o Example
Daily efficiency progress FORESEEABLE DISRUPTI

100% Accumulation of little
90% disturbances/ manual
80% intervention 1% hour

L T0% >

S 60%

:8 50% o

o 40% UNFORESEEABLE
30% DISRUPTION
20%
10% Qash

0%
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Hours

Figure20: Daily efficiency progress with Foreseeable/Unforeseeable disruptions, fictitious example.
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The inefficiency generated by the first kind of disruptio#' fidiur) cannot be predicted because it is
impossible to forese@or example an accident between a vehicle and a private Elmwever, it is

possible to foresee the second one'{B0Our) since it is due to crew scheduling issues generated by

the recovery ations taken to solve the initial goem.

It would be helpful to have a system that monitors the situation on the line analyzing concurrently
the different position of the meansontheA Yy S I y R (i K SshiR éhangeholiss dnid platésh & S
and sugests to the dispatchers how to intervene before the situation degenerate.

Part of the DSS proposatbng this thesisvill be constitute by a set of alerts that will have the task

to forese a critical situation before dtegererates in a graténefficiency.

Hgure 21represents how could change the situation if the first disruption would have tackled

consideringalso crew scheduling issues.

Daily dficiency progress

100%
90%
80%
70%

? 60%
L 50%
= 40%
30%
20%
10%
0%
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Hour
Figure 21:. Daily efficiency progress and without
example.

4. Narrow sight approach in solving disturbances

To analyze this issugimportant to explain how disruption events affectthe Ra ae ad Sy 2 LJS
When a disruption event occsithere isan initial inefficiency that isackled promptly by the
dispatchersn the control room, but otheproblems usuallyappear during pelahours and during

shift change hourgsee figure 2p
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Peak hours plus shift change hours

100%

90% | @—g
£0% o0 o —" .
70%

60% .
50%
40%
30%
20%

10%
0%

Efficiency

7 8 9 1011 12 13 14 15 16 17 18|19 20 |21
Hours

Figure 22: Peak hourplus

In theseparts of the dayhere are two main criticalities:

1. They arethe parts of the daily service wherthere is the highest demandigh frequency

serviced in certain lines there is a frequency of 20 passages/hour pey; stop

2. It is fundamental the position of the different means on the line (punctuality with the
schedule) because the places and the hours in which drivers can charsipetheir shifts

are predefined and they are a strict constrain to be follow@dtual system)

The fact that dispatchers decideanuallyhow to intervenegenerates more problems becse they
are not able to foresebow their decisios to restoreservice reliability after a disruptionill change
the position of the different means on the line the future respect to their schedul®ue to this
the actiorstaken to recover the inefficiencies caused by thst disruption eventwill create more
inefficiencies when the operator will have to interveagainwith invasive operational instruments

(e.g. skipping stops) tim allow driversto reach the change stops on time.

The concept is better explained Wigure 23 where is visible that the misaligment between
schedule and actual position of the mean obliges an invasive intervention to respect the crew
scheduled change also if the regularity of the line is good (constant headways between means). The
consequence of this intervention is a decreasethe regularity hence a decrease in service
reliability. | could have a line in which all the means running on it are half an hour late respect to the

schedule but have constant headways hence perfect regularity. Consequently, a decision aimed to
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interventionsgenerate discomfort for some passengers theg obliged to get off the mean.

As explained the short sight approach appliedo solve these problems gerstes more
inefficiencies than benefitsAnyway,this is not fault of the dispatcherbecause they aranot
equipped with any toothat helps them in managing this kind of situatisand the variable that

they can consider and process manually to take deciareriimited.

¢KS &0NHzOGdzNB 2F GKS AYSTFFTAOASYMWe22Q LINR LI I+

Wrong headway Scheduled position 1

/

Shift change stop — o RX—d —>Short turning

/ZW

@

Actual position 1

Figure23: Misalignment between scheduled and actual position withsequent invasive instrument.

5. Stiff structure, focus on punctuality

Another problem that is evident is the stiffness of thaface public transport systenthe fact that

shift hours and shift change statisare rigid entities create huge problerat the operational side.
Usually happens that even if the system is performing well (there are constant headways between
means) are needed interventions restore the punctuality of the means in order to respect crew

schedulingfigure 23, these intervations always producan inefficient service.

As seen alonghapter2.1.1during peak hours what is important for passergesrfrequency and
not punctuality. W& havealsoseen thatservice with inconstant headways generates problems both

for passengers ahfor the management of the service.

The possibility to hava more flexible system that will allofecusingmore on the improvement of
frequency rather than on the maintenance of punctuality will bring huge benefits in the
management of the system andtime improvement of service reliability. Another important aspect

is to find a way to deal with crew scheduling because its stiffness perturbs the system also if it is

performing well.

The main issue is that operating with a rigid system in an environnmemthich the extent of
uncertainty and variability is extremely high produces a lot of inefficiencies and output variability.

In order to improve the level of service it would be necessary make the system more flexible.
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o Example

Consider a generic line X and a generic day Y, let us assume that the progress of the efficiency of the
line (indicator related to the capacity of the system to maintain constantilvags between means)

during the day is presented biye figure 24.

Daily efficiency progress

100%
80%

60%

Efficiency

40%
20%
0%
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Hours

Figure24: Daily efficiency progress lifie x, day y

As presented by thehart above the line performed quite walbngall the day apart from the 15

and the 20" hour of the day. In Fact during the"ifour occurred a disruption evefurush between

a bus and a car) that created an efficiency problem on the line (efficiency 68%$3 iug possible

to see fromifyure 24, because of the decision taken by the dispatchers the service level of the line
has been restored up to 85%. Bug situation during the 20hour get worsen (efficiency:50%) even

if no conventional disruption event occurred.

The problem is that the interventions made to solve the disruption evefiih(iis) set the line out

of schedule. This combined with the irase in the frequency of the service (peak hours) and with
the need to have the means at the change stations at certain hour (shift change hour) in order to
respect crew schedule generate the huge inefficiency of thén@0r. The main issue here is that
dispatchers intervene on the line to solve the eselweduling regardless the negative effects that

such intervention would have brought on the level of service.
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The process that brings to the great inefficiency is explainéigjume 25.

. . Crew
Disruption ﬁgﬁ[ﬁﬂgﬂ@ Lost of ch ar?héf/t eak scheduling Great
event R regularity hgu rp problem inefficiency
9 recovery
v )

Figure25: Disruption evengreat inefficiency problem.

Critical conclusi@summary
During this chapter focused on disruption managemeve tried to describe how public transport
companies that operate in urban area tackle this issue. We performed also a detailed analysis in

which we have highlighted the criticalities and limitations of the current approaches.

An important aspect discovete analyzed and described also in the previous chapter is that public
transport operations have to deal daily with disruption events (major incidents) and disturbances
(minor incidents). The interaction of the process with these events generates a misalign
between scheduled and actual operation, therefore it is necessary to reschedule resources inside
GKS aedaidsSy Ay 2NRSN) (G2 o0S FtofS G2 LINRPOARS | &
Disruption managementefers to the process of dynamically revigian operational plan to obtain

a new one that reflects the objectives and constraints of the actual situation. It refers to the task of
adapting the three main entitiesimetable, vehicle in circulatiomnd the crew schedulego the

actual situation.

When a disruption event occurs, it generates a huge impact on the entire system and it is
characterized by a high level of uncertainty that is translated in difficulty to find a proper solution

to relocate the available resources to the new status of tystem.

We have analyzed in detail also how disruption management is performed in public transport
companies. Even if there is scarcity of material on thisctog@ have been able to perforadetailed
studying on this aspect thanks to the internship dateATM S.p.A. and the support of professors
and researchers of TU Delft that have a great experience in this field. In the end we have identified
the following criticalities that characterize the actual process relating them to the objsctiais

thess.
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. Decision taken manually, Objective Creation of a DSS to help dispatchers in taking

decisions to maxiize customer experience;

. No critical usage of operational instrumen{®perational instruments are used without
evaluating the side effects that they generate on passenggr§)bjective Integration
between the DSS and the control room operator; Decrease the usadgeasive

operational instrument;

Reactive approacld, Objective Creation of a set of indicators able to detecitical

situations in advance;

. Narrow-short sight approach in solving disturbanceés Objective Creation of a DSS that

gives suggestion to maximize service reliability considealso other qualy aspects;

. Stiff structure, focus on punctualityy Objective Creation of a set of instruments to

Increase system flexibility.
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2.2 Descriptiorof useful tools and approaches for disruption

management

We start this chapter with the descriptioof general control method# diminish variability and
consequently increase reliability of processes. We will find thatapgoach isapplicable also to
public transport system that operates in urban areas. Tienwill move our attentiorto analyzing
howtwo other industries (airline and railway), in which the problem of disruption management has
been studied for years, tackle this issue the end we will highlight which are the aspeas®d in

other industrieshat can be useful and the one that canrim used for our purposes.

Thenwe will perform adetailed description of all the operational instrumesthat are used by
control room operators nowadays and that will be used alsthieyalgorithm of the DMSS&s tools

to improve its objective functioiMaximization of service reliability)We will also analyze the
different indicators used nowadays to express punctuality and regulartythe end we have
highlightedthe Percentage regularity deviation me@PRDM asthe most appropriat&KPlto use as
guideline for the creation of the objgcA @S Fdzy OliAz2zy 2F GKS &SNIIAOS

function (task performed by the operative research departmefiolitecnico di Milano).

As aralyzed in deep alonghapter 2.1.1 and 2.1.Bnprovingservice reliabilityit is necessary to
satisfy passengers requirements and increase in this way their acquisition and retention. Along this
chapter we will analyze and describe the state of art of ufison management tools and
approaches trying to understand which of them can be implemented in our case and which not.

Figure 26oriefly presensthe contents of this chapter.

|
2.2.1 Disruption

management tools
and approaches
[ : \
Which are the | Which are the | Which are the | '
general control aspects of airline aspects of railway Which are the
methods to diminish industry DM industry DM conclusions?
variability? applicable to UPTS? applicable to UPTS?
I | | |
General control Airline industry DM Railway industry DM Critical concluions

methods analysis approaches analysis approaches analysis summary

Figure26: Chapter 2.2.1structure
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Generakontrol method analysis

Improve service reliabilityit is necessary tanaximize the match betweescheduled and actual
operationsas shown idigure27. Van Oortin his research valuates suitable applying general control
YSGK2Ra |4 3FdzZARStAySa G2 O2yGNRE 2LISNI GA2Yy Q&
with disturbances that distance the plannegérvice from the actual onén this sectiorthree mapr
generalcontrol types are analyzethter on special attention will beedicatedto control methods

used to improveservice reliabilityn airline and irrailway industy.

: Process variability
Scheduled operations /

/

Match

Actual operations

Figure27: Mismatch between scheduled operations and actual ones that it is cause of praaability.

In the previous analysisifapter2.1.2 we have foundhat variability and unreliability may arise due
to both internal and external factor&eneralControl methods provide indicatieon how to tackle
disturbancesifternal or externglthat interact with operations and in this way reduce the process

variability.

Cybernetic, that is the general science of controlling system, focuses on function and information
flows rather than on the nature of the systeitself. For this reason its principles are suitable also
for process control theory and for describimnd mitigate variability of the systemgan den Top
2010 Heylighen and Joslyn 200The final objective of both cybernetic and process control theory

is to maximizing the production maintaining at the same time a process that is reliable and

economically convenientHahn and Edgar 2002

Now are introduced the basic notions of cybernetic and production control theory that, accordingly
to the reasoningn the introductive part of this section, amitableto mitigate the variability of

publictransport service.
90



0 The desired outpuihis is theplannedresult of the process.

o DisturbancesThese aranternal and external factors that interact with the process and

generate variability of theutput.

o The regulator This is a tool or a contr@dystem that helps in mitigate/eliminate the

variability of the output

o The buffer A buffer is an addition of resources (for instance time, cowproduction
measures) that enablabsorbing thevariability generated by disturbances thdb not

produce msmatch between scheduled and actual output.

In Ashbly (195pare presented the three main control methods that are illustratefigare 28 ¢ 30.
These control methods have been ideated with the aim to mitigate the negative effects that

disturbances generate on the process allowing to obtain the desired results also in their presence.

0 Using a buffer This passive method does not allow any kind of adpest after the design
phase and it is available independentlythg interaction of disturbances in the process. The
logic on which this method is built is to have redundant resources available that allow

absorbingthe variability without generating repeussion on the desired output.

o Feedbackin this method a regulator tracks output variability and in case of aawmeptable
misalignment between planned and actual results it intervenes in order forirg the

situation in a stable state. This isemctive approach.

o Feedforward: The approach used by this method is anticipatory. The regulatstead of
tracking the output variabilitytrends, checks the evolutiorof the processWhen it detects
a situation that can degenerate producing a mismabettween actual and planned results

it 