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ABSTRACT

This thesis develops a method to automate journey fare calculation for Transport for London.
Today, fares for every possible origin-destination station pair within the London Underground are
prepared manually based on the zonal fare structure. Multiple feasible paths often exist within the
network for a given origin-destination pair, each of which may produce a different journey fare. Thus,
manually adjusting journey fares after any alteration of the network or fare structure is a time consuming
task for staff and restricts Transport for London’s ability to implement changes in fare policy. This

approach also lacks transparency from the passenger’s perspective.

Automating Transport for London’s fare calculation requires automating the selection of travel
paths. This thesis adapts a label-correcting shortest path algorithm to produce journey paths and fares
based on four different selection rules: minimum fare, minimum number of transfers, minimum travel
time, and minimum distance. The algorithm operates on a directed graph model of the network. This

thesis develops a method to structure the directed graph to capture the network’s intricacies.

Given a network and fare structure, the modified shortest path algorithm produces all path and
fare information for an origin-destination pair in less than one millisecond. Transport for London can
then assess the implications of a fare policy change by comparing the existing fares with those generated
under each path selection rule. Supplementing these comparisons with historical data provides an
estimate of the number of journeys affected and the possible impact on fare revenue. This thesis uses a

sample dataset to estimate these impacts.
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Title: Senior Lecturer of Civil and Environmental Engineering






Table of Contents

1 Summary and CONCIUSIONS ......cc.cceeuirieieririririererienirestestnestessssesaeseesesseseeressesessessesssaessessesssssnsensessnsensossasens 7
1.1 Problem StatemENL..........ccceuirurerrenierereeicreteerteeetestsressestsessestesessessesesssssssassessesessssesesssssessesssenonseses 7
1.2 CONCIUSIONS......cuecieueriieieierierestsestesessesesesteseraesesessesesastesassessssssssssassesessesseseesensessesensessosesensessasonsenes 7

1.2.1 Network model and shortest path...........coeeeeeeiriisieienieeerrete et be s breseens 8
1.2.2 Tracking variables for path selection and fare calculation............cccceveveererevrerecenrereeieeeneerenenenns 8
1.2.3 Staff and passenger information AEVICE ........ccecueveeirerieerieiiereeeeecreeeee et cresaenees 9
1.2.4 PETfOIMANCE ......covrmircteneneirinieinteeceeeaeucteae e tesssesssseseessseseesesasesesansssessasssesssessssesessassssssesessnsens 9
1.2.5 Comparison of generated and current fares.............cceeeeeevreieeriererenierereeeeieenereseeese e eseens 9

2 Shortest path AlGOIIRIMS........c.cocouiivieeiciriecerereernsertee e rae e s s e sa s e s esess s se s enssssneseseasessnnes 11

BFTAMEWOLK ..ottt ses st e et sae et et s st e e ess e s e e ae e e sasaesseaennessesssenseasesessennen 12
3.1 BACKEIOUN.......cueieniererieneeieiinieentet e st eesseterestetese st e et esae e sasessasbennesessessesessensensesensesessensensesesenss 12

3.1.1 Transport fOr LONAON .......ceeereriiiriecrienininerieesiessestess e teesae s st ese s sesessesesessesessennensanan 12
3.1.2 National Rail .....c.cviiuiiiieiiiiieieiieccie ettt tssa e s e sas e e seesesaas e e sesessesessnsesessesenens 13
3.1.3 TranSys and OYSLEr .....ccceeeeereerreruercetrrirentrerestesssetssesessssesssesessssesssssesssesessesesssssssessensnsssesens 13
3.1.4 Current ticketing and fare StrUCIUIES .......ccecerereereriricrrertiererteerres ettt re e senes 13
3.2 Problem statement and reS€arch qUESHION.........c.cceereereerieereeecrcrereecrereaesaesree s erreseeseeessesaesneens 17

4 ALZOTTIIN ....oieirireiie ettt ettt st et e bt s s st e e e st e eabese b benn s e e nseseseenerensereaeas 19

4.1 NetWOTK MOAE] .......coeeiiiiiiectriecree sttt et a e sess e et ese s s s b ebesasse e e sesensenenee 19
4.1.1 BASIC COMCEPLS ...cevurririeruenerireenetrieseseeessesssassesesassesssssesssssessasasesssseseressesssesensssesensesessssesensasenees 20
4.1.2 Paralle]l SETVICE CASE......iucuciitiuinieeniirietreeientrieeste et esestsse et sesesssestssssassesessosesensesesnesessanesenses 20
4.1.3 Representing transSfers ... ..cc.ocueicierieiiinieeiertientncrcsesestentsessestsaesas s eesaesaesessessesessessenssessesnanan 21
4.1.4 Representing Station CIOSUIES ........c.cviviiiiuirenisiineececriee et eseee e sessesesasssssstesessesassssenssenans 24
4.1.5 Representing handicap accessibility I€StriCtiONS ..........cccoverrrereerreerereriesnrereeeeeeesereneessnenene 25
4.1.6 Representing tWO-WaY SEIVICE.........cccervereieerrereereiresessessessessessessessessesssonsssesssesssssessessssseeneensen 26
4.1.7 Representing Branches..........cccoiveiicnniicneetne ettt ae e sae e nese s ees 27
4.1.8 Representing out-of-station interChanges ..............coeeeeeuiriirereriieierenreseessesseessseeseesseseeeessnns 28
4.1.9 Representing intermediate Validators ............coceeueeerueientnieeineiceneeseereieneeessrseseesnesesseseseanes 29
4.1.10 Automated arc and NOAe ZENETALION..........cceeererererreeereeereereteeeteeeet e eseseesessseesenesnes 30

4.2 Path SEIECHON .....cucurertrieeiescteactrtertstet et e s asa et sae s s s s ses s es s e ases s s eaesaseans s s esessasssnsasasenans 33
4.2.1 Minimum fare Path......c..ccccevceiniiieiennienrcncre ettt e sb s ne et ae 34
4.2.2 Minimum transfer PAthi.........cocooeieiieicniieiessceee sttt n e renes 34
4.2.3 Minimum duration (travel time) Pathi...........ccceeereiveeierieeiieieececrceceeerereeereseessesseesseeseseens 35
4.2.4 Minimum diStance Pathi..........cccceeevcivneinieeeerereeser st ss e se st r et aeas 35



4.2.5 TIE DIEAKING....cveererieeeeeeereeeeeeeeneseetretrseessestestessessesaesesseseessestessonsessassessessessessessessesssnsasssanes 36

4.2.6 Intermediate Validation............cceeieerrerienmnirctitrceree ettt se st s st esesessassnssesnesaeseenae 40

4.3 Tracking VariabIes ........c.ceceeverierreinticiniciintinrercenteien et ss st et saesbesresbe st e s e be b s 41
4.3.1 Tracking VISIted ZOMES........cceererueerieirriiiiieitenientestestsstesesesstestestetsssesestsssessessensessessessesssssesesaes 42
4.3.2 TracKing fAres........ccevvecreriereererrerereestenienieeneerreaesee e ssessessesseesessessesssesessossoesessessnsssnesssssesersenss 45
4.3.3 Tracking transfers and 1ast SETVICE ........coueuieueiireciniinincniiincicc s 50
4.3.4 Tracking QUIation ..........ceccecereriiiiiiiiiiieeesrcscrcsiesseer et ss s bes bbb sa s assa et nis 51
4.3.5 TracKing QiStANCE .......ccceceeeierieerieertienienrentertrsteeseroseeseesseeseesesstessessassnessesseesacssesassseessesssesssanes 51
4.3.6 Tracking predecessOr NOUES .......cecveveerreriicenerenreereeseesississeesiesesesesresseestosssssssessessessasresssesseseane 52
4.3.7 Tracking COMPOSILE COSL....coerrerrirriiriiitiriireneerintirereseressestss et b saseresaesbesssesessessssessesassasneses 52

4.4 Retrieving path information...........ccceverieeeiininninienecercreeree st esse et sessacsnennans 53
4.5 Staff and passenger information deVICE.........coeveeirrveriireiinininriie e 55

S DALADASE.....ecveeerererereete ettt b bR R bR s s R e R s R s e R e R e s R R e bR ane 58
5.1 FareStruCture table.........cceeoirruieiririieeeieerreeneeneeiaessessaeseeeaesessnrsseest st esat e reeneesseeneesstessssaesssssaassnsnnns 59
5.2 FAreTYPes taDIe.......cccuivririireirieriereeieeeereeescstisee e eeses et sstsasese et sassbsesessesaesanenesaesasbesbenbesbesnesnens 59
5.3 SEIVICES tADIE .. .cueruiieiieieeeiceeceecete ettt et e se s seebe et e s et e basaesaesae b e b enesat st e saebe b e b e bens 59
5.4 ServiCELINKS tADIE .....coiivirieeeieeietrcectet ettt e s 59
5.5 SALIONS LADIE......ueecteeeieceeieieeeeee et e st et s ee e s e e st s b st e b et e b e e e e sae st e be s e e e e s an e Rt e n e aat s 60
5.6 StatioNTYPES tADIE ...c..eoueereiicrererieecrte ettt s ettt saesbe st ebesb et esassaesneaeasraens 60
5.7 TransferDurations table ..........cc.eoeeirereirinininrienenicinn et 60
5.8 Z0NES tADIC.......eeereerieiiiiieeeeee ettt b e b a e bbb a e bt 60

6 PEITOITNANCE ......oouveereeeeieeitereirtre e et s et essesa s se s e s s e s e e b s b e b e s b s b e s ae b e s ae b e bbbt s b e s b e a e beshe b e bebens 61
6.1 PerfOrmance FEQUITE........ccueeiecieerieererenieirersreniesseeseeenteseeeteseessesseesstssatsneeenessneentessrossossesssssresssestssses 61
6.2 AlOrithm PErfOIMANCE .......cocerveeueeirietieeiitnieeenntscce et b s as b sb e bt a b b esnens 62

7 Comparison of generated and Current fares ..........cc.covvevevevirniiniinninnenee e 63
7.1 EXaMPLe data SOUICE ......eeveereerierrrrerieniencriieisesitestetistesnsstistssesssssssnessessessssssasessesnesssssessensensasassnsanes 63
7.2 Inclusion of London OVErground ...........c.ccoceerercrereceereeeeesisessesiuenessecsisssenssssssssessesssssessens 63
7.3 Minimum fare Pathi.........ccocueiieeneneeeeirctireecnee et a e eas 64
7.4 Minimum transfer PAthi.......cccooveeiereeneerrenree ettt nes 67
7.5 Minimum duration (travel time) Path ........ocueeviiriieeveirreecreteee et 68
Appendix A: Current TfL fare StrUCIUIE ........cccooeiiiiiininiiiniiiniitnrse e ste s eaens 70
BiblIOGIAPRY ..ottt e e e b e r s b e b e s s e s e e et e s ae st e naa e 71



1 Summary and conclusions

1.1 Problem statement

This research focuses on automating journey fare calculation for Transport for London (TfL).
Today, fares for every possible origin-destination (OD) station pair within the London Underground
network are calculated manually based on the zonal fare structure. The manual approach restricts TfL’s
ability to implement changes in fare policy. Multiple feasible paths often exist within the network for a
given OD pair, each of which may produce a different journey fare. Thus, manually adjusting journey
fares after any alteration of the network or fare structure is a time consuming task for staff. This approach

also lacks transparency from the passenger’s perspective.

London Underground fares are a function of the innermost and outermost zones a passenger
travels through on a given journey. For example, a journey that begins at a station in zone 3, travels
through zone 2, and ends at a station in zone 1, is subject to a zone-1-to-zone-3 fare. Moreover, the same
zone-1-to-zone-3 fare applies to a journey that starts in zone 3, crosses central London through zones 1

and 2, and ends at another station in zone 3.

Automating fare calculation requires automating path selection. However, TfL only has
knowledge of a passenger’s entry and exit locations, and therefore must make assumptions about the
actual path of travel. Modeling the TfL network as a directed graph and adapting a shortest path
algorithm accomplishes this task.

1.2 Conclusions

The primary conclusion of this research is that automating fare calculation for TfL’s network is
feasible. One can model the network, with all its intricacies and complexities, in a way that produces the
desired results but remains manageable for TfL staff. Adapting a shortest path algorithm automates the
selection of journey paths between any two stations. The fare structure and a set of rules guide the
algorithm. This algorithm produces the journey fare and a variety of path information relevant to staff
and passengers. Thus, the algorithm could function solely as a fare calculator or it might be expanded

into an information device for staff and passengers.



1.2.1 Network model and shortest path

Shortest path algorithms operate on the nodes and arcs of a directed graph. Each arc is assigned a
cost, which can be defined in a variety of ways. The algorithm finds the lowest cost path from an origin

node to any other node in the network. A shortest path algorithm was adapted to produce:

e minimum fare paths,
e minimum transfer paths,
¢ minimum duration (travel time) paths, and

e minimum distance paths.

Modeling each station as a node and each station-to-station branch of service as a unique arc produces a
directed graph representation of TfL’s network. The addition of station-service sub nodes and one-way
arcs represents transfers between services, or between branches of services. Additional arcs between
station entry and exit nodes represent out-of-station interchanges (defined later) and transfers between
modes. Entry, exit, or handicap access at represented stations can be disabled for path selection and fare

calculation without removing the station for pass-through service.

Assigning each arc’s cost under the minimum transfer path requires knowledge of the branch of
service associated with each arc and the branch of service utilized to reach the previous node along the
shortest path. In the case of the minimum fare path, the cost of each arc must be dynamically determined
based on the innermost and outermost zones visited previously in the journey, consistent with the fare
rules in London. Transit systems with different fare rules require a different adaptation, though based on

the same principles.

1.2.2 Tracking variables for path selection and fare calculation

Whenever the algorithm considers an arc and node, it adds the incremental fare associated with
that arc to the journey fare stored for the previous node in the path. Fares are calculated incrementally in
this manner, but the fare increment itself depends on two other tracked values: the innermost zone visited
and the outermost zone visited. The zone-visited variables are associated with the stations in the journey,

not the arcs.

The algorithm tracks transfers using two variables: total transfers made and the previous service
used to reach the active node. When the algorithm considers a node and arc, it compares the service
associated with that arc to the service used to reach the previous node. If the services are different, a

transfer must occur and the arc’s transfer increment is one unit.
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Tracking variables for distance and duration is straightforward. Each arc is assigned fixed
increments of duration and distance. The algorithm tracks total distance and total duration from the root
for each node. When a node and arc are considered, the algorithm adds the arc’s incremental values to

the total values for the previous node.

The algorithm tracks each variable under each path selection method regardless of whether or not
it needs the variable to determine the shortest path. Doing so allows the algorithm to produce all relevant
path information for comparison of paths selected by the different methods. To eliminate ties between
two or more shortest paths, the algorithm makes all decisions based on a composite variable. This
composite variable combines the path variables in the order of importance dictated by the path selection

method.

1.2.3 Staff and passenger information device

The path selection algorithm tracks many pieces of information about the shortest path that may
be useful to passengers and TfL staff alike. A graphical user interface (GUI) could be used to illustrate
the shortest path and to provide relevant travel details. A GUI was written as part of this research to serve

as an example.

The GUI might be a web-based application accessible to both staff and passengers or restricted to
internal use by TfL staff. It might be deployed as an in-station passenger information kiosk or as an
application available for download to a PDA. Depending on its implementation, TfL. may restrict the

options the GUI makes available to passengers.

1.2.4 Performance

Performance of the algorithm is a key requirement for implementation as a real-time component
in the fare collection system. The Hao-Kocur algorithm was chosen as the shortest path algorithm for this
research because it is arguably the fastest label-correcting algorithm available. Tests conducted on a
desktop platform indicate the adapted algorithm is fast enough for use in real-time. The algorithm
completes the calculation of the shortest path and all relevant information in less than one millisecond on

average.

1.2.5 Comparison of generated and current fares

Automating fare calculation requires that TfL define business rules for determining a passenger’s

travel path. Depending on the selected combination of rules, generated fares for some OD pairs will
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differ from the currently advertised fares. Changes to the graph representation of the physical network,
such as deciding to include the London Overground in the LUL fare structure, will also produce different

fares.

T{L staff can compare the current fares to fares generated under various decision rules for a given
network structure. This allows TfL to identify the OD pairs that would experience a change in fare and,
using historical data, estimate the number of journeys affected and the potential impact on revenue.
Allowing costless transfer between LUL and the London Overground increases the total number of
affected OD pairs and journeys. This effect is more pronounced under a minimum fare path policy than
under a minimum transfer path policy because the minimum fare path method is more likely to include

the Overground in path selection.

The historical journey sample used for this analysis lacked sufficient detail to produce bankable
estimates of each method’s impacts on revenue. However, the data indicate that the minimum fare path,
minimum transfer path, and minimum duration path methods each result in a decrease in revenue. The
average daily pay-as-you-go revenue during the sample period was £1.3 million. The minimum transfer
path has the smallest decrease at £32,000 per day, or 2% of pay-as-you-go revenue. The minimum fare
path with the Overground included has the largest decrease at £96,000 per day, or 7% of pay-as-you-go

revenue.
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2 Shortest path algorithms

All shortest path algorithms are labeling algorithms. These algorithms find the path and cost
(label) to each node in a network from the origin, or root, node. Shortest path algorithms operate on the
arcs out of each node and track candidate nodes on a candidate list. Two general types of shortest path

algorithms exist: label setting and label correcting.

Label-setting algorithms, such as Dijkstra’s algorithm from 1959, permanently add arcs to the
shortest path tree and visit each node only once. Label-correcting algorithms can revisit nodes, which is
useful for this research because, in TfL’s zonal fare structure, the cost of an arc may change based on the
nodes previously visited. Thus, a label-correcting algorithm is a more appropriate choice for calculating

minimum fare paths.

Several label-correcting algorithms ai'e available from which to choose. Performance will be
critical if the fare calculation algorithm is implemented as a real-time component in a fare collection
system. A 1992 report titled A Faster Implementation of a Shortest Path Algorithm identified Hao-Kocur
as generally the most efficient of the label-correcting algorithms (Hao & Kocur, 1992).

The method of managing and selecting nodes from the candidate list differentiates one label-
correcting algorithm from another. Hao-Kocur places a node on the end of the candidate list “only if it
has never been on the [candidate list] before and its label is greater than that of the current front node”
(Hao & Kocur, 1992, p. 2). In any other case, the algorithm adds the node to the front of the list. More

specifically, the Hao-Kocur algorithm operates as follows:

1. Set the root node’s label equal to zero and add it to the candidate list. Set the initial label
for all other nodes equal to infinity.

2. Select the node on the front of the candidate list and scan each arc out of that node. For
each of these arcs, sum the arc’s cost with the candidate node’s label. Compare this
result with the label of the node connected by the arc. If the result is an improvement
over the existing label and this node is not on the candidate list, add it to the candidate list
in the following manner:

= If the node was previously on the list, add it to the front.

= If the node has never been on the list and its label is smaller than the front node’s
label, add it to the front.

= Otherwise, add the node to the back of the candidate list.

3. Repeat (2) until the candidate list is empty.
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3 Framework

3.1 Background

London’s complex transportation system relies on the coordination of numerous entities, both
public and private. This section briefly explores the history and role of the entities most applicable to this

research. The current fare structure and fare collection system are also discussed.

3.1.1 Transport for London

Transport for London, or TfL, as it is widely known, is a public agency responsible for most
transportation-related matters in the city of London, England. TfL was created in 2000 as one of four
functional bodies of the Greater London Authority (GLA), which was established by the Greater London
Authority Act of 1999. The Metropolitan Police Authority, the London Fire and Emergency Planning
Authority, and the London Development Agency are the other three bodies of the GLA (Greater London
Authority Act, 1999).

TfL assumed the responsibilities of its predecessor agency, London Regional Transport (LRT),
during the 2000 transition. The London Regional Transport Act of 1984 established LRT, and LRT fell
under the direct control of the national government through the Secretary of State for Transport (London
Regional Transport Act, 1984). London Underground Limited (LUL) was created in 1985, but TfL did
not assume direct responsibility for LUL until 2003 due to contract negotiation of a public-private

partnership.

The creation of the GLA and TfL marked a significant transition from control by the national
government to control by local government. The membership of the GLA includes the Mayor of London
and a locally elected 25-member assembly. The mayor also chairs the board of directors that controls
TfL. Thus, TfL interprets its task as “to put the Mayor of London's Transport Strategy into action and
manage transport services across the Capital” (Company information, 2008). According to the TfL

website, implementing this strategy means TfL’s responsibilities include:

e London's buses,

e London Underground Limited (LUL),

e Docklands Light Railway (DLR),

¢ managing Croydon Tramlink,

e 580km of main roads and all of London's traffic lights,
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e managing the Congestion Charging scheme,
e regulating the city's taxis and private hire trade, and

e other transportation services (Company information, 2008).

In 2007, through subsidiary companies and private partnerships, more than 1.8 billion passenger
journeys were made using TfL’s surface network of approximately seven thousand buses, on over 700
routes (London Buses, 2008). More than one billion passenger journeys were made using the LUL
network during the same period. The LUL network has over 250 miles of track and nearly 4100 subway
cars (London Underground, 2008).

3.1.2 National Rail

National Rail (NR) refers to the private train operating companies (TOCs) created from the break-
up of British Rail under the Railways Act of 1993 (About ATOC, 2008). Several TOCs operate
passenger suburban rail service in the Greater London area. Numerous London stations serve both the

underground and NR, forming a vital link in the commuter network.

3.1.3 TranSys and Oyster

TranSys is a private consortium of Cubic Transportation Systems, Electronic Data Systems
(EDS), Fujitsu Services Limited, and WS Atkins (About us, 2008). In 1998, TfL awarded TranSys a
contract to design, implement, manage, and market an integrated smartcard fare collection system. Cubic
and EDS remain principal partners while Fujitsu and WS Atkins were largely involved in the initial

design and implementation of the Prestige contract (Prestige Fact Sheet, 2008).

TranSys developed London’s current contactless automatic fare collection system under the name
Oyster. Oyster supports preloading of season tickets as well as a prepaid option known as pay-as-you-go.
Oyster has been highly successful since coming online in November 2002. Approximately 80% of all bus
and Tube journeys are made using Oyster. Over seven million journeys are completed each day using

Opyster resulting in ten million daily Oyster transactions (Oyster fact sheet, 2008).

3.1.4 Current ticketing and fare structures

TfL’s current fare and ticketing structures vary from mode to mode. Journeys occurring solely on
London Bus or the Croydon Tramlink carry a flat fare regardless of the distance travelled. Journeys on
the underground, DLR, or London Overground carry a fare based on TfL’s zonal fare structure. These
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two different fare structures are supported by variations of the ticketing system, which combines

magnetic-stripe paper tickets and the Oyster smartcard.

TfL offers a variety of concessionary fares as well as peak and off-peak fares. TfL also
introduced a daily capping policy that limits the maximum amount charged to a passenger’s pay-as-you-
go account each day, regardless of the number of journeys. The following discussions in parts a and b

refer to adult peak, single journey fares.

(a) Fares and ticketing on bus and tram

Fares for bus service in the Greater London area were once distance-based, but today all bus and
tram journeys carry a flat fare. Valid fare payment for bus and tram includes cash single tickets, Bus
Savers (bus only), Bus Passes, Travelcards, and Oyster pay-as-you-go. The fare is due upon boarding,
and several routes now require cash single tickets be purchased off-vehicle to expedite boarding (Fares

and tickets supplementary information, 2008).

As of January 2008, the cash single fare for bus and tram is £2 and the Oyster single fare is 90p.
The significant pay-as-you-go discount reflects TfL’s commitment to encouraging Oyster adoption.
Travelcards and Bus Passes allow unlimited free travel within a given time period and carry fees
commensurate with the length of the period. The current flat fare structure for bus and tram makes fare

calculation for these modes straightforward.

(b) Fares and ticketing on LUL and DLR

Valid ticket media for use on the Underground and DLR include cash single tickets, Travelcards,
and Oyster pay-as-you-go. Cash singles and short duration (one and three-day) Travelcards are magnetic
stripe paper tickets, while pay-as-you-go and longer duration Travelcards require the Oyster smartcard.
All passengers must pass through a set of gates at each end of their journey. To gain entry to the
Underground, passengers using Oyster tap their smartcard on a card reader attached to the entry gate; exit
from the system is accomplished in a similar manner. Many DLR stations are not gated, but passengers
are required to tap an Oyster validator at either end of their journeys to mimic passing through the gates.
Pay-as-you-go fares are at a substantial discount to cash single fares and are the primary focus of this

research.
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TfL uses a zonal fare structure to determine pay-as-you-go fares for journeys on the Underground
and DLR. This fare structure has nine zones centered on central London. Figure 3.1 shows a portion of
the LUL network and the zonal fare structure for northeast London. Zone 1 is the innermost zone. The
origin zone and destination zone alone do not determine the fare—fares are calculated based on the
innermost and outermost zones visited on any given journey. Thus, a trip both originating and

terminating in Zone 6 does not necessarily carry a Zone-6-to-Zone-6 fare.
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Figure 3.1: This northeast segment of the London Underground map shows parts of TfL’s fare
zones 1 through 6.

For example, consider a journey from Epping to Upminster. As Figure 3.1 illustrates, both
stations are in Zone 6, but no service exists connecting the two stations directly through Zone 6. Thus, the
Journey fare cannot be a Zone-6-to-Zone-6 fare. A passenger making this journey must take the Central

line (red) into an inner zone and transfer to District line (green) service toward Upminster. Numerous
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potential paths and transfer locations are available for this journey. The passenger may transfer among
several LUL lines, the DLR, or even the London Overground. Depending on the passenger’s chosen path,
this journey could reasonably require visiting a variety of different zones: Zones 3 through 6 will
necessarily be visited, but Zone 2 and Zone 1 might also be visited. Thus, a variety of different fares may
be reasonably applicable for the same origin-destination (OD) pair. The fact that most transfers at LUL
stations occur behind the gate lines, without record, compounds this issue. Once a passenger taps in and
passes through the gate, the system has no further knowledge of the passenger’s actual travel behavior

other than the eventual tap-out location.

Today, fares are manually assigned to each OD pair. For those pairs with multiple reasonable
paths and fares, manual rules are applied to determine the path. TfL and Transys reconstruct the system’s
OD fare tables following any major alteration of service or adjustment to the fare structure. The

information from these tables is loaded at every gate to perform Oyster pay-as-you-go transactions.

The passenger’s entry location is recorded on the Oystercard during the entry transaction and a
base fare is deducted from the card’s pay-as-you-go-balance. When the passenger taps at the exit gate,
the reader updates the Oystercard history with the exit location. At the same time, the system compares
the fare for the appropriate OD pair with the fare charged on entry. If a smaller fare applies, which is
typically the case, the pay-as-you-go account is credited with the difference. If a large fare applies for
this journey, the system debits the difference. If the passenger exits the system without tapping out, the

base fare has already been deducted.

(c) Fares and ticketing on London Overground

The London Overground is a train operating company that is part of the National Rail network in
the Greater London area. The Overground falls under the control of TfL and therefore must be supported
by TfL’s fare collection and ticketing systems. The Overground has a zonal fare structure similar to that
of the Underground and DLR. However, the Overground currently operates service at much lower
frequencies and over greater station-to-station distances than that of the Underground. Therefore, it is

reasonable to assume the Overground may have a different set of fares for the same zonal structure in the
future.

Most transfers between the Underground and the Overground require passengers to pass through
an intermediate gate line. The system records these transfers, which can be used for better calculation of

fares.
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(c¢) Fares and ticketing on National Rail

National Rail has historically operated on a paper-based ticketing structure with OD-based fares.
A growing number of NR services in the Greater London area now accept Oyster-pay-as-you-go fare
payment. However, in many cases the NR fare structure is different from TfL’s zonal structure and

requires special consideration.

(d) Concessionary fares

A variety of discounted fares exists within TfL’s current fare structure. For example, 11-15 year
old photocards permit free bus travel and reduced LUL and DLR fares for children aged 11 to 15 years.
Additional concessionary fares apply to college students, children of various ages, the unemployed, and
the elderly. The existence of concessionary fares is largely a political phenomenon and thus TfL’s fare

collection and ticketing systems must be able to adapt to changing demands.

(e) TfL’s evolving approach to fare collection

In an effort to leverage the benefits of technological improvements, TfL created the Future
Ticketing Project (FTP). The FTP is concerned with the next generation of ticketing technologies that
may be applicable at TfL.. Developments in the payment industry may make it desirable for TfL to accept
a variety of contactless payment devices at the gate lines including contactless credit cards, key fobs, and
NFC-enabled mobile phones. The exploration of alternative arrangements is ongoing. TfL may decide to
manage some or all of the existing Oyster fare collection system in-house during a period of transition to

a new payment medium.

Many significant changes that will require some adjustment to the fare collection system are
occurring within the TfL network; service on the Overground is expanding, more NR services are
adopting TfL’s payment media, and Crossrail will open in 2017. Additionally, elections for the Mayor of
London will take place in May 2008, which may result in notable changes in the general fare structure or
concessionary fares. Small adjustments to the base fare structure under the current manual approach

would likely require extensive work and may delay implementation of the correct fares.

3.2 Problem statement and research question

This research focuses on a key component of any future TfL-managed ticketing system:
automating the calculation of journey fares given a base zonal fare structure and a set of rules. A
supporting focus of this work is the development of an automated path selection algorithm for travel

within the TfL network. Automation is vital for implementing new fare types, new services, or changes
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to the base fare structure. Automation of fare calculation is also essential if TfL chooses to involve a

generic acquirer for credit card processing or similar transactions.

Automating fare calculation for TfL’s path-based fare policy requires development of a path
selection algorithm to choose from among the many feasible routes available between most OD pairs.
Modeling the TfL network as a directed graph allows a modified shortest path algorithm to select paths
for fare calculation. A set of rules regarding fare path decisions guide this algorithm; T{LL will need to

establish business rules to define these decisions.

Using well-defined business rules to guide fare calculation will also increase transparency for TfL
staff and customers. Today, it is difficult to find an explanation for why a given route is assumed for fare
calculation. TfL’s online passenger information guide, Journey Planner, occasionally suggests travel
routes that do not reflect the published fare. Sharing a common path selection algorithm for fare
calculation and providing passenger information will eliminate such discrepancies—this research intends

to support both fare calculation and passenger information systems.

This thesis first explores how to model the complexities of TfL’s network as a directed graph.
Then, four different basic path selection rules are explored and implemented within a shortest path
algorithm. This algorithm could assist the manual fare calculations performed today; the results produced
by the algorithm could be loaded as static fare tables in the Oyster collection system. Under this
approach, the speed of the algorithm is not a primary concern. However, computation time becomes a

key concern if the algorithm is employed as a real-time component in one or more of the following:

e a future fare collection system,
e apassenger information device, or

e aplanning and policy tool.

Therefore, the algorithm’s performance is also discussed.

TfL’s adoption of business rules to govern path decisions may result in differences for some OD
pairs between the fares generated and the fares currently advertised. Changes in the network or fare
structure will also produce different fares. Comparing generated and current fares allows TfL to identify
the OD pairs affected by a policy change. Historical data can then provide estimates of the number of
journeys potentially affected. This thesis uses a sample data set to compare the number of OD pairs and

Opyster journeys affected under three of the path choice methods.
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4 Algorithm

4.1 Network model

The LUL network, as seen in the standard Tube map in Figure 4.1, can be portrayed as a set of
nodes connected by arcs. Algorithms operating on a network of arcs and nodes can identify the shortest
path between any two points in the network. This research defines the shortest path in multiple ways

including:

e minimum fare path,
¢ minimum transfer path,
e minimum duration (travel time) path, and

e minimum distance path.

Using an algorithm to produce these paths in the LUL network, with its complex set of services and
interchanges, requires a graph representation of the physical network. This section describes how to

represent the intricacies of the network for the purpose of fare calculation.
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Figure 4.1: This iconic map of the London Underground illustrates the network’s complexity
(Standard Tube Map, 2008).
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4.1.1 Basic concepts

The shortest path algorithm operates on the arcs and nodes of a directed graph. The simplest case
is when two or more stations are connected by one service operating in one direction. Modeling this case

as directed graph requires treating each station as a node and each connection from one station to the next

as a one-way arc, as seen in Figure 4.2.

Figure 4.2: Modeling three stations as nodes and the service
connecting them as one-way arcs produces a directed graph.

Assume the passenger starts at a node called the origin, or root, node. For each node in the

network, the shortest path algorithm developed in this thesis tracks eight pieces of information to describe
the path from the origin node:

e monetary cost (fare),

e duration (travel time),

e distance,

e number of transfers,

e predecessor node (the previous node in the path),

e the service used between predecessor and current node (service ID),
¢ the innermost zone visited at any node along the path, and

e the outermost zone visited at any node along the path.

All eight pieces of data are required to calculate the paths with the lowest fare, travel time, distance or
transfers. The first four elements in this list are direct measures minimized by the algorithm; the last four

elements are intermediate values the algorithm uses to support its decisions.

4.1.2 Parallel service case

Next, consider the case when two or more services (or branches) operate between a series of
stations. Consider the network of three nodes illustrated in Figure 4.3. Assume two different one-way
services, service A and service B, operate from node 1 to node 2 and that only service B continues from
node 2 to node 3. Two feasible paths exist from node 1 to node 3. Both paths travel via node 2 and

therefore node 3’s predecessor will always be node 2 (and node 2’s predecessor will always be node 1).
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If the fare structure is the same for both of these services, then the fare from node 1 to node 3 will
be the same regardless of the path chosen. The innermost and outermost zones visited are the same
regardless of path, because either path visits exactly the same set of nodes. The service ID stored for
node 3 will be service B, regardless of path choice, because only service B connects node 3 to the rest of
the network. However, travel time and distance to node 3 may differ depending on path choice, and the

number of transfers required will necessarily differ.

A
> B
O_s @ 49,

Figure 4.3: Two feasible paths exist for travel from node 1
to node 3 in this three-node network with services A and B.

This journey can be completed by utilizing only service B, resulting in zero transfers, or it may be
completed by traveling from node 1 to node 2 on service A and then transferring at node 2 to service B,

resulting in one transfer.

Travel time will probably differ based on path choice. If the travel time between nodes 1 and 2 is
greater on service B than on service A, and some positive transfer time exists at node 2, there are two
potential shortest paths. The passenger can use service B from node 1 to 3, or he can use service A from
node 1 to node 2, and then transfer to service B to node 3. If the transfer time at node 2 is less than the
extra travel time of service B, the minimum duration path uses both services. Otherwise, the minimum

duration path uses strictly service B.

The graph shown in Figure 4.3 cannot model this choice. Therefore, the network representation

must be modified to better model transfers.

4.1.3 Representing transfers

The network in Figure 4.4 shows an initial model for transfers:

e split node 1 into two separate nodes, node 1a and node 1b,
¢ split node 2 into nodes 2a and 2b, and

¢ add an arc representing transfer from service A to service B via “transfer service” X.

This ensures that the minimum duration path is identified correctly.
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The time required for transfer at physical node 2 is the travel time on “service” X from node 2a to
node 2b. As long as nodes 1a and 1b are assigned zonal attributes identical to that of node 1, and nodes
2a and 2b are assigned the attributes of node 2, then the innermost and outermost zones visited under any

path choice method will be appropriately tracked and fare calculation will be unaffected.

-
! x
- -
Figure 4.4: Creating a node for each station-service
combination allows representation of transfers via service X.
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To correctly track transfers between services A and B, a set of rules is implemented to evaluate
whether a transfer has occurred with the addition of each node. If the last service used in the path is
service X, then a transfer has occurred. Otherwise, the last service must be the same as the current

service. However, this approach of splitting each node into service-sub nodes is not sufficient.

The initial origin was node 1 and the initial destination was node 3, not node 1a or node 1b and
node 3b. Using the modified graph requires associating the beginning and end of each trip with sub-
nodes (like 1a or 1b), rather than the original node (1, or 2). This is awkward.

To avoid this, the graph must include unique nodes representing each station and each station-
service combination. Figure 4.5 modifies the three-station example from above to reflect this
requirement. An in-station service, service F (“from”), is included to represent travel from the station
nodes (nodes 1, 2, and 3) to the appropriate station-service sub nodes (nodes 1a, 1b, 2a, 2b, and 3b). A
directed arc of service F is required from a given station node to a station-service sub node whenever

travel is feasible from that station on that service.

Service A and service B both operate from station 1, thus two unique arcs of service F must exist:
one from node 1 to node 1a and one from node 1 to node 1b. This provides access to each service from
node 1. Station 2, however, has only one service operating from it, service B. Thus, only one directed arc
of service F is required: from node 2 to node 2b. Station 3 has no services operating from it, and

therefore requires no service F arcs.
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Similarly, a directed arc of service T (“t0”) is required from a station-service sub node to a station
node whenever that service operates to that station. Nodes 2a and 2b require such arcs to node 2 because
both services A and B operate to node 2. Node 3b also requires an arc of service T to node 3 because
service B operates to station 3. Node 1 does not require any arcs of service T because neither service A
nor B operates to station 1. Defining service F and service T separately is not entirely necessary in this
example; service X could be used in place of services F and T as a universal “transfer” service. However,
splitting service X into two more descriptive services makes visualization clearer and simplifies the

tracking of transfers.
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Figure 4.5: Creating a unique node for each station and each
station-service combination improves the network model.

If the transfer time between any two services is equivalent for all combinations of services
operating at a particular node, then this representation may be sufficient. However, when three or more
services operate at a given station this approach is not guaranteed to provide an accurate representation of

transfer times.

Consider station 4 with services A and B operating to the station, and service C operating from
the station. Assuming transfers are possible from A to C and from B to C, the station and station-service
sub node representation would resemble Figure 4.6. If the time required to make each of these transfers is
identical, then this model accurately represents the physical network. Transfers must occur through node
4, but since the transfer times are identical, this time can be assigned to the arc with service F. A logical
operator within the shortest path algorithm then ensures the transfer time is counted only if the passenger
is transferring and that it is not counted if the journey is originating at node 4. However, if the transfer
times are different in each case, the logical operations required to assign transfer duration to the arc with

service F become complex and unmanageable.
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Figure 4.6: Accurately representing transfer times at stations with
more than two services is difficult under this network model.

A more robust approach creates a unique arc directly between each pair of station-service sub
nodes for every possible transfer within a station. Figures 4.7 and 4.8 reflect this approach, which allows

straightforward assignment of the appropriate transfer times for every feasible combination.

4.1.4 Representing station closures

Splitting node 4 into source node 41 and a sink node 4E, representing ingress to and egress from
the system, respectively, helps addresses the transfer issue and improves functionality. Physical stations
may close for passenger entry and/or exit while remaining operational for pass-through services. For
example, some stations such as Turnham Green via the Piccadilly line, allow entry and exit only during
certain periods, but allow pass-through service continuously. Treating passenger entry and exit as two

separate nodes for each station provides the ability to represent closures.
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Figure 4.7: The addition of transfer arcs between station-service sub nodes
improves the representation of transfers.
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Thus, even though the graphical representation grows more complex through the addition of more
nodes and arcs, the overall calculation of the shortest path becomes more intuitive and efficient. Figure
4.7 revisits the case of station 4 under this new representation, and Figure 4.8 similarly revisits the three-

station case described earlier.
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Figure 4.8: Adding entry and egress nodes at each station ensures transfers will use the direct
transfer arcs and also helps support station closures.

4.1.5 Representing handicap accessibility restrictions

Most of LUL’s stations were constructed at a time when accessibility by persons with disabilities
was not a primary design consideration. TfL has undertaken renovation projects to improve accessibility,
but many stations remain inaccessible. Some stations with large gaps between platform and trai