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Sammanfattning

Projektet "Effektiv operativ omplanering av tigldgen vid driftstorningar" (forkortas EOT)
bygger vidare pd arbetet som utfordes i1 de tidigare forskningsprojekten OAT och OAT+
(huvudsakligen finansierade av ddvarande Banverket) . Syftet med projekten &r att utveckla
berdkningsstod som underlittar trafikledarnas arbetsuppgifter med avseende pa framforallt
omplanering av trafiken vid storningar. Projekten kan ses som komplement till projekten
FTTS/STEG/STRATEG. Forskningsarbetet i EOT bestar av tvd huvudsakliga delar som
syftar till att:

e Vidareutveckla och forbéttra de metoder som togs fram i projektet OAT+.

e Utvirdera och studera berdkningsmetodernas prestanda fran ett praktiskt perspektiv
under driftslika forhallande och dé i samverkan med framfor allt Trafikverket.

Projektet har varit uppdelat i olika faser enligt tabellen nedan.

2010 2011 2012
Projekt-méanad|[1 2 3 4 5 6 7 8 9/10 11 12 13 14 15 16 17 18 19 20 21(22 23 24 25 26 27 28 29 30 31 32 33
Fas 1 (6 man)

Fas 2 (12 man)

Fas 3 (3 man) -

Fas 4 (12 man)

i (3 mén) -

Fas 1 Mal: Etablera grundforutsattningar for att genomféra projektet,

Fas 2 Mal: Initial parallellisering av optimeringsalgoritm fér omplanering av taglagen
Mal: Forankring hos och &terkoppling frén relevant personal vid Trafikverket

Fas 4 Mal: Forbattring och vidareutveckling av parallella optimeringsalgoritmer samt utvirdering i samverkan med TrV
Mal: Kunskapsoverforing och diskussion om fortsatt utveckling och slutrapportering.

Arbetet 1 Fas 2 avsdg att vidareutveckla och forbattra den algoritm som BTH tidigare
utvecklat inom OAT+ samt att implementera en parallelliserad version av denna (se kapitel
6). Algoritmen syftar till att omplanera tagtrafiken vid behov, vilket i vart fall uppstar nir
tagtrafiken i drift avviker (eller man misstanker att den kommer att avvika) fran tidtabellen
i sddan omfattning att den maste omplaneras. Den &r en s.k. girighetsalgoritm och eftersom
den maéste hitta en tillrickligt god forsta omplaneringslosning pa ett fatal sekunder dr den
darfor av typen djupet-forst (Depth-First Search, DFS). Detta innebér att forst ska
girighetsalgoritmen snabbt hitta en forsta bra tillaten omplaneringsldsning och om det sedan
finns tid kvar sé forsoker den hitta forbattrade alternativ till denna forsta 16sning.

Att parallellisera en algoritm innebér att man skapar flera, snarlika kopior av algoritmen,
vilka parallellt och beroende/oberoende av varandra I6ser problemet/uppgiften. Man kan se
den principiella skillnaden mellan den sekventiella girighetsalgoritmen och den parallella
versionen som att i den sekventiella sitter det en trafikledare som forsoker 16sa situationen
ensam medan i den parallella versionen sitter det manga fler trafikledare som arbetar med



www.bth.se/com/eot Slutrapport f6r EOT-projektet Version 1.0
Dnr: TRV 2010/29603 2012-11-29

samma problem parallellt och (delvis) oberoende av varandra. Trafikledarna forsoker skapa
ett antal olika omplaneringslosningar och utbyter information med varandra om vilka
omplaneringséatgiarder som dr bra och kan leda till en bra 16sning samt vilka som dr mindre
bra. Diarmed blir sjdlva jakten pa losningar mer effektiv och det skapas ocksd fler
alternativa och kompletterande 16sningar som de riktiga trafikledarna hos Trafikverket kan
ta stillning till och modifiera vid behov. En central utmaning ar da att undvika att dessa
parallella berdkningar leder till likadana ldsningar. Istéllet vill man effektivt kunna
identifierar de bésta alternativa l6sningarna och berdkna effekterna av dessa. En annan
utmaning &r att skapa ett effektivt informationsbyte mellan de parallella processerna som
inte hdmmar sjdlva berékningarna.

Den forsta fasen av utvecklingsarbetet och utvirderingen av den parallella algoritmen
slutférdes under oktober 2011 och beskrivs i kapitel 6.3. Vi testade den parallella
algoritmen pa tre olika typer av storningssituationer (20 scenarier totalt):

(1) ar en enskild initial storning hos ett visst tdg (som sedan ev. sprider sig till andra tag),
(2) ér en signifikant hastighetsnedséttning hos ett enskilt tdg medan

(3) ér ett infrastrukturfel pd linjen som medfor att alla passerande tag far en signifikant
hastighetsnedsittning.

Den tredje typen — infrastrukturfel — ar svarast att 16sa med savil den sekventiella som den
parallella algoritmen. Med infrastrukturfel avser vi situationer som kan ge upphov till
exempelvis en hastighetsnedséttning pad en viss linjestricka och som resulterar till att
samliga tdg som passerar far 6kade kortider. Infrastrukturfel kan ocksa vara att ett av spiren
pa en dubbelspérstriacka dr avstingt pga. t ex rélsbrott/oplanerat banarbete. Anledningen till
att storningar som ar av typen infrastrukturfel &r svara att 16sa matematiskt ar att det uppstar
kraftig kobildning om trafiken &r tit och som da paverkar manga tdg. Darmed finns det
manga olika relevanta I0sningsalternativ att utvdrdera. Den teoretiska analysen av
algoritmens prestanda visade dédrmed att den behovde forbattras ytterligare i sdrskilt svéra
scenarier. Vi valde dérfor initialt att fokusera pd dessa storningsscenarier vid
vidareutvecklingen av den parallelliserade algoritmen. I Fas 4 genomfordes ytterligare
forbéttringar samtidigt som vi utforde experiment pd en storre médngd scenarier (100
stycken) for att synliggora algoritmens svagheter (se kapitel 6.3-6.6). Experimenten har alla
baserats pa trafik och data for 2009 dven om ocksé trafiken under 2010-2012 har studerats i
stor utstrackning. I Fas 4 var det initialt planerat att dven utfora experiment baserat pa
utvalda trafikscenarier frdn 2011 men eftersom arbetet i denna fas till viss del fordrdjdes (se
nedan) sa genomfordes dessa experiment inte fullt ut.

I Fas 4 planerade vi dven att analysera och utvirdera hur algoritmen skulle fungera i ett mer
praktiskt sammanhang. Syftet med Fas 3 var dirfor att etablera kontakt och samverka med
relaterade projekt internt pa Trafikverket. Genom véra kontaktpersoner pa Trafikverket fick
vi kontakt med medverkade frdn projektet NTL (Nationell TaglLedning) och hade ett
inspirerande och mycket givande mdte med flera fran projektgruppen i Goteborg under
hosten 2011. Eftersom de bida projekten har flera berdringspunkter enades vi om att NTL-
projektet vid behov skulle ge synpunkter p4 EOTs arbete med den praktiska utvarderingen
och underlitta insamlandet av trafikdata. Under moétet diskuterades mojliga alternativ for att
fa utvirderingen av algoritmens prestanda under sé driftslika forhallande som mojligt. Efter
motet tog BTH fram forslag pa ett antal relevanta utvarderingskonfigurationer (se kapitel 7)
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med tillhérande specifikation av informationsbehov och dessa diskuterades med
medarbetare i NTL-projektet. Dessvérre fick EOT beskedet i februari (2012) att det dr svért
att ge vélstrukturerad realtidsdata till EOT-projektet utan att Trafikverket behdver gora
storre insatser sjdlva i1 nartid. Det skulle krdva speciallosningar internt, mycket pga. t ex
avsaknad av exportmdjlighet av relevant data fran olika applikationer. Vi avsatte darfor en
summa av projektbudgeten i Fas 4 och 5 som skulle kunna anvéndas for att finansiera den
insats vi skulle kunna komma att behova frdn Trafikverket. Under varen och sommaren
2012 diskuterade vi problemen med att realisera den praktiska utvarderingen under 2012
utan att hitta lampliga 16sningar. Vi insdg att vi hade underskattat svarigheten och
tidsatgangen att skapa fOrutsdttningar for och “rigga” en dylik praktisk utvirdering.
Projektets tidsplan och leveransplan for Fas 4 fordrojdes darmed, vilket ledde till att
Trafikverket fick en forfragan frdn BTH i oktober 2012 om f6rlingning av projektet t.o.m.
september 2013 och som beviljades. Arbete under 2013 syftar darmed till att skapa goda
forutsittningar for att i ett senare skede utféra en praktisk utvirdering av projektets
berdkningsmetoder. Saledes har projektet vid denna tidpunkt (november 2012) inte kunnat
leverera resultat frén en praktisk utvdrdering och ddrmed inte heller fullt ut kunnat anpassa
berdkningsmetoderna i linje med de rekommendationer som utvirderingen skulle visat.
Vissa analyser med avsikt att undersdka potentiella problem och fragestéllningar som
rimligtvis kommer att aktualiseras har dock genomforts. Dessa har huvudsakligen baserats
pa observationer via Trafikbilder och Opera samt material frin STEG-projektets arbete. En
uppenbar fragestillning som &r viktig att beakta men som inte gar att svara pa i nuldget ar t
ex pa vilken detaljnivd och med vilken noggrannhet (i tid) som tdgen ska omplaneras och
hur ska tagrorelser inne pa mer komplexa stationer bor hanteras. I tidtabellskonstruktionen
planerar man ju inte i detalj for hur trafiken ska interagera pé stationerna, vilket dé leder till
att det saknas tillforlitlig data om hur alla tag enligt plan ska trafikera stationerna. Darmed
ar tidtabellen inte garanterat konfliktfri i det avseendet (se kapitel 7 for vidare diskussion).

For att summera: Syftet med forskningsarbetet 1 EOT-projektet dr att utveckla
berdkningsmetoder som snabbt och effektiv kan skapa forslag pa hur tagtrafiken bor
omplaneras vid behov och som stod for trafikledarna. Forslagen bor tas fram snabbt (pa 10-
30 s ) och de bor vara sé optimala som mojligt med avseende pad de méal och kriterier som
trafikledningen ska arbeta efter. Forslagen ska ocksd vara trafiktekniskt ldmpliga och
genomfOrbara. Fokus pa forskningsarbetet har varit att f4 berdkningsmetoderna att snabbt
leverera forslag som minimerar trafikens totala forsening men effekterna i form av antalet
forsenade tag, fordelning av forsening mm har ocksa beaktats. Vi har dnnu inte analyserat i
detalj vilka prioriteringar mellan olika tdg som gors och om “rétt” tag hela tiden prioriteras.
Detta blir en del av fortsatt arbete i samverkan med trafikledare och relaterade projekt
sasom “Operativa prioriteringskriterier”’, STEG och NTL.

Det dr de underliggande modellerna av trafikflodet som ska sdkerstilla att forslagen dr
trafiktekniskt genomforbara. Det dr dock alltid en avvdgning pa vilken detaljnivd olika
komponenter ska beskrivas och projektet har studerat olika nivder av detaljrikedom.
Eftersom géngtiderna i trafiken &r relativt approximativa finns det ingen poéng i att planera
trafiken pé sekundniva. Diremot finns det ett behov av storre noggrannhet ju ndrmare tiden
for exekvering planen kommer samt for mer komplexa stationer och knytpunkter. Man
behover ocksa skilja pd 1) den modell och beskrivning av trafiken man anvénder nir man
soker efter omplaneringsforslag och 2) den beskrivning man anvénder for att eventuellt
detaljplanera, ldgga tdgvégar och sdkerstiller att den grovre planen frin 1) haller. Hur dessa
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bada nivaer bor samverka och effekten av detta &r svar att utreda och besluta om pa en
generell niva utan beror pa det specifika fallet och de krav anvindaren stiller. I projektet
har vi forsokt lyfta och studera dessa aspekter men utan en mer omfattande praktisk
utvirdering och diskussioner med presumtiva anvéndare &r det svart att dra nagra generella
slutsatser. Det blir istdllet del av fortsatt arbete som till viss del diskuteras och beskrivs i
kapitel 8.
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1 Inledning

Projektet EOT (Effektiv Operativ omplanering Av Tagldgen vid driftstorningar) pagar
under tiden 2010-04-01—2013-09-30. Eftersom projektet formellt skulle avslutas enligt
plan 2012-12-31 men blivit beviljat en férlangning till 2013-09-30, sa har denna slutrapport
sammanstéllts under november 2012 i linje med den ursprungliga planen. En
kompletterande slutrapporteringen gors dessutom september 2013.

Projektet finansieras av Trafikverket dir projektsponsor har varit Hans Dahlberg och senare
Robin Edlund. Kontaktpersoner ir Magdalena Grimm och Ake Lundberg. Vi vill rikta ett
varmt tack till alla personer som direkt och indirekt deltagit och deltar i projektet och
bidragit med tid, information och data och da framfor allt medarbetare pd Trafikverket.

Projektarbetet som beskrivs har utforts av projektledare Dr. Johanna Tornquist Krasemann,
Prof. Hdkan Grahn, doktorand Syed Muhammad Zeeshan Igbal samt projektassistent Sara
Soltani (oktober 2011-juni 2012) vid Blekinge Tekniska Hogskola.

Denna slutrapport avser summera visentliga delar av genomfort arbete och kompletteras av
de publicerade artiklar och rapporter som édterfinns som bilagor. Projektet har en hemsida
www.bth.se/com/eot dér relevanta publika dokument dven finns tillgéngliga.

Rapporten inleder med en presentation av bakgrunden till projektet och tidigare forskning. I
Kapitel 4 beskrivs projektets syfte och omfattning. I Kapitel 5 foljer en kortfattad analys
och utvirdering av relaterad forskning medan Kapitel 6 och 7 ger en Overgripande
beskrivning av projektarbetet och dessa resultat. Kapitel 8 innehaller en diskussion av
projektets resultat och forslag pa fortsatt arbete. Kapitel 9 beskriver hur projektets
fragestillningar och resultat har presenterats och kommunicerats 1 sdvil
forskningssammanhang som for samhéllet och branschen.

2 Bakgrund

Ett attraktivt och hallbart jairnvagssystem ska halla hog sidkerhet, vara miljovanligt, ha god
tillgénglighet och erbjuda palitliga transporttjdnster som haller tillrdckligt hog tidsprecision.
Samtidigt ska bankapaciteten utnyttjas i mojligaste man pa ett kostnadseffektivt sitt. Detta
kraver en kontinuerlig balans mellan att skapa ett hogt banutnyttjande och att bibehalla en
tillrackligt hog robusthet, dvs. liten kénslighet for storningar. Analyser av
kapacitetsutnyttjandet pa det svenska jarnvédgsnadtet utfors kontinuerligt av Trafikverket. I
den senaste analysen, se (Grimm och Wahlborg, 2012), tydliggors hur tigtrafiken har okat
markant de senaste dren. Bland annat har transportarbetet okat till 144 703 miljoner tagkm
(2011) fréan 133 526 miljoner tagkm (2009). Den storsta 6kningen (maétt 1 antal tdgkm) har
skett for resandetdg som utgdr 96 361 miljoner tdgkm (2011). Den hoga belastningen pa
infrastukturens centrala delar som uppkommer under hogtrafik askadliggors dven 1 de
grafer ddr rodmarkerade strackor representerar bandelar dir kapacitetsutnyttjande har natt
sin maximala grians. Exempel pa siddana strickor &r Norrkdping-Linkdping och
Hassleholm-Arlov, vilka bada ar delstrackor av S6dra Stambanan.
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Naér kapacitetsutnyttjandet 4r mycket hogt si ar det allmént kint att smé avvikelser frin den
planerade tidtabellen ldtt kan f4 omfattande konsekvenser och ménga tdg merfGrsenas.
Manga orsaker till storningar kan forebyggas, vilket 4r ndgot man arbetar aktivt med men
oforutsedda hiandelser som skapar storningar dr ofrankomliga och konsekvenserna ska da
kunna approximeras, minimeras samt kommuniceras till anvindarna. Virdefull information
som ligger till grund for en god konsekvensanalys av en driftstérning och revidering av
tagplanen finns dock inte alltid trafikledaren tillhands. Med nuvarande forutsittningar finns
heller inte alltid en mojlighet att anvénda tillgdnglig information eftersom trafikledaren pa
mycket kort tid méste agera och utan beslutstod.

3 Omtidigareforskning

I de tidigare forskningsprojekten Omplanering Av Tégligen (OAT, www.bth.se/tek/oat)
och fortséttningsprojektet OAT+ vilka bada finansierats av f.d. Banverket, har matematiska
modeller som beskriver hur trafiken kan omplaneras utvecklats. Projekten utvecklade dven
optimeringsbaserade metoder for att snabbt ge trafikledaren forslag pa hur tdgplanen kan
revideras vid behov, baserat pa relevant information om forutsittningarna och utefter de
trafikstyrningsmal Trafikverket (TrV) har satt upp.

I OAT studerade och utvecklade vi i huvudsak optimeringsbaserade modeller och metoder
for den operativa omplaneringen. Vi utforde en experimentell studie av hur olika typer av
storningar sprider sig samt hur de kan 16sas med hjdlp av de utvecklade metoderna. I
merparten av scenarierna erholl vi en fOrsta I6sning (dvs. ett forslag pd en reviderad
tidtabell) inom ett fatal sekunder medan i mer komplicerade fall tog det langre tid att hitta
en optimal 16sning om en sddan dverhuvudtaget kunde hittas. Mélet &r dock att en metod
for operativ omplanering snabbt kan tillhandahélla en giltig, lamplig 16sning dven i de mest
tidskritiska och mycket komplicerade situationerna.

Fortséttningsprojektet, OAT+, fokuserade darfor pd utvecklingen av en
optimeringsalgoritm - som komplement till att tillimpa optimeringsmjukvara sdsom
CPLEX - for att sdkerstélla att vi alltid hittar en tillrdckligt god 16sning inom relativt kort
tid (inom 30 sekunder) och oberoende av vilken typ av storningssituation som upptriader.
Den algoritm som utvecklats dr en s.k. girighetsalgoritm (Eng. Greedy algorithm) och
eftersom den maste hitta en tillrackligt god forsta omplaneringslosning pa ett fatal sekunder
ar den av typen djupet-forst (Depth-First Search, DFS). Detta innebédr att forst ska
algoritmen snabbt hitta en bra tillaten omplaneringslosning och om det sedan finns tid kvar
sa forsoker den hitta forbéttrade alternativ till denna forsta losning.

Inom OAT+ utforde vi en mingd datorbaserade experiment for att studera hur trafiken kan
omplaneras under driftstorningar och d& med hjélp av girighetsalgoritmen. Vi tillimpade
algoritmen pé tre olika typer av storningskategorier (20 scenarier totalt):

Kategori 1 innebar att ett tag anldnder till trafikdistriktet med en viss forsening eller att det
far en temporar forsening pé ett segment inom distriktet.

Kategori 2 innebdr att ett tdg har en mer “kronisk” forsening sdsom nedsatt
accelerationsformaga vilket resulterar i 6kade géngtider.
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Kategori 3 syftar pa ett infrastrukturfel som ger upphov till exempelvis en
hastighetsnedsdttning pd en viss linjestricka och som resulterar till att samliga tdg som
passerar far 6kade gingtider.

For att utvirdera algoritmens prestanda har vi dven 10st scenarierna med motsvarande
optimeringsmodell och tillimpat den kommersiella optimeringsmjukvaran IBM ILOG
CPLEX Optimizer version 12.2 (med en maximal berdkningstid pd 24 h). Vid en
utvirdering av algoritmens prestanda och jamforelse med CPLEX kan vi forst och framst se
att CPLEX 1 merparten av fallen inte har kunnat generera en tilliten 10sning alls trots
tillaten soktid pa 24 h. Vid en jaimforelse med de 16sningar som CPLEX genererat i de fall
dér ett optimum kunnat faststéllas sdg vi att CPLEX och algoritmen finner olika Idsningar
dven om méalfunktionsvardena ar snarlika. CPLEX tenderar att forsena flertalet tdg innan de
ndr sin slutdestination men ser till att de har en sa liten slutlig forsening som mojligt (dvs. i
linje med maélfunktionen). Algoritmens nuvarande sokstrategi, som har ett mer kortsiktigt
perspektiv, undviker istillet att forsena ytterligare tag sévida det inte verkligen medfor en
vinst. Vilken 16sning som &r den bésta fran ett praktiskt perspektiv ar svart att siga generellt
men det visar att det dven finns fordelar med denna mer kortsiktiga sokstrategi. Det visar
dven hur komplicerat det kan vara att formulera en malfunktion som tar hansyn till flera
olika aspekter, vilket ger ytterligare stdd for att anvinda en skrdddarsydd algoritm som
komplement till, eller istéllet for, mjukvara sasom CPLEX eller Gurobi.

Nér det géller algoritmens prestanda m a p de olika kategorierna visade resultaten att for
kategori 1 och 2 sa presterar algoritmen forhdllandevis bra. For kategori 3, ddremot, har det
varit svart att finna bra jimforelsevirden (eftersom problemen dr for svéra att losa for
CPLEX) men det till trots ser vi att algoritmen har svart att hitta tillrackligt bra 16sningar.
Det indikerar aterigen att en losningsmetod kan behdva anpassa sin sokstrategi och
malfunktion beroende pé vissa egenskaper hos stérningssituationen.

4 Syfte, omfattning och genomforande

Arbetet i1 projektet "Effektiv operativ omplanering av taglédgen vid driftstorningar" bestar av
tva huvudsakliga delar som syftar till att:

e Vidareutveckla och forbédttra berdkningsmetoden for omplanering och d& delvis
genom en parallellisering av girighetsalgoritmen och utvérdera effekten av denna.

e Utvirdera och studera berdkningsmetodens prestanda fran ett praktiskt perspektiv
under driftslika forhallande och dé i samverkan med framfor allt Trafikverket..

Som vi beskrivit ovan, péavisar vara tidigare resultat att det finns forbéttringspotential
géllande algoritmen generellt sett men framfor allt géllande dess applicerbarhet vid
hantering av storningar av kategori 3 - infrastrukturfel. En vidareutveckling syftar primért
till att 4 algoritmen mer effektiv sé att den:
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a) blir snabbare vid expansionen av soktradet (dvs. att den kan undersoka fler noder
per tidsenhet vilket kan uppnids genom fOrbéttringar av koden samt genom att
parallellisera sokprocessen med hjilp av multi-core processorer), samt

b) att dess sokstrategi forbéttras och att den oftare viljer “ritt” noder att expandera.

Att 1 storre utstrackning undersoka skillnaderna mellan de 16sningar CPLEX producerar
med de fran algoritmen skulle kunna ge ytterligare virdefull information om vilka
avvagningar som bor goras i det kortsiktiga perspektivet for att uppnd samma losningar som
CPLEX genererar. Att anvdinda multi-core processorer, se (Emer 2007), for att snabba upp
sOkningen innebdr att flera grenar i tradet skulle kunna expanderas parallellt. I utvecklingen
ska vi dven anpassa den matematiska modellen till strickan Katrineholm-Malmé pa Sodra
Stambanan och trafiken enligt T11 och utvirdera omplaneringsmetoden pé en storre méngd
scenarier an tidigare.

Den andra delen syftar till att belysa praktiska aspekter pé berdkningsstodet for
omplanering av tidtabellen. Centrala fragor dr bl a :

e Vilka avvikelser fran tidtabellen/storningsscenarier dr relevanta att ett beslutstod ska
hantera generellt och i fallstudien?

e Hur péverkar kvaliteten pa informationen berdkningarna (t ex tdgens position och
géngtider approximeras ofta)?

e Vilka justeringar av tagplanen i operativ drift vid oplanerade avvikelser ar (inte)
acceptabla och under vilka omsténdigheter géller/rekommenderas detta?

e Hur kan vi bedoma foreslagna omplaneringslosningars relevans och hur kan/bor de
vérderas beroende pa olika situationer?

Projektet foljer nedanstaende arbets- och tidsplan.

2010 2011 2012
Projekt-manad|1 2 3456 7 8 9|10 11 12 13 14 15 16 17 18 19 20 21(22 23 24 25 26 27 28 29 30 31 32 33
Fas 1 (6 man)

Fas 2 (12 méan)

Fas 3 (3 man) -

Fas 4 (12 man)

i (3 mén) -

Fas 1 Mal: Etablera grundforutsattningar for att genomféra projektet,

Fas 2 Mal: Initial parallellisering av optimeringsalgoritm for omplanering av taglagen
Mal: Forankring hos och aterkoppling fran relevant personal vid Trafikverket

Fas 4 Mal: Férbattring och vidareutveckling av parallella optimeringsalgoritmer samt utvardering i samverkan med TrV
Mal: Kunskapsoverforing och diskussion om fortsatt utveckling och slutrapportering.

Tabell 1. Projektets arbets- och tidsplan.
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5 Reélaterad forskning

Forskningsintresset for metoder for planering av jérnvigstrafik- och transporter har okat
markant de senaste dren. Aven om problematiken pé ett dvergripande plan dr densamma
vérlden dver, dvs. att resurser sdsom sparkapacitet ska allokeras till en mdngd operatdrer
och dess fordon, sa skiljer sig forutsédttningarna at pa flera sitt. Vad som dock skiljer svensk
jarnvégstrafik fran den internationella ar att avregleringen &r lingre framskriden i Sverige
dn inom oOvriga EU vilket gett effekter som ett mer splittrat transportsystem med fler
operatdrer som ska samsas om kapaciteten och vars trafik ska styras av en neutral part
(Trafikverkets atta driftledningscentraler). Vi har ocksé en mer heterogen trafik dér tdg med
olika prestanda och behov (godstag, intercitytdg, snabbtadg och pendeltdg) anvéinder samma
spar samtidigt under allt ldngre perioder av dygnet. Ménga tdgkoncept inom EU ér
periodiska (dvs. cykliska med t ex styva tidtabeller) och mer isolerade fran annan tagtrafik,
vilket gor att dessa system 1 nuldget inte behover hantera denna ytterligare komplexitet i
samma utstrackning som i Sverige. Vidare dr det svenska jérnvigsnitet anpassat for trafik 1
bada riktningar och man planerar dven i tidtabellen ibland for parallelldrift (da &ar det oftast
godstagen som gér i motsatt korriktning och endast en kortare stricka dér det dr trangt).
Andra europeiska system verkar i hogre utstrickning bedriva enkelriktad trafik pa sina
dubbelspér. Det kan man dven se om man betraktar utformningen och konfigurationen av
de simuleringsverktyg for jirnvagstrafik som finns pa marknaden.

Skillnader som dessa medfor att det forekommer en méngd olika sétt att beskriva problemet
pa. I detta sammanhang &dr ofta en sddan problembeskrivning en matematisk modell som
anger vilka restriktioner (dvs. villkor) som géller for problemet och vilken typ av 16sningen
som eftersoks (t ex att maximera antalet rittidiga tdg) och som da uttrycks av en
malfunktion. For att 18sa problemet viljer man sedan en l6sningsmetod. Det finns en méngd
olika typer av metoder. I manga fall &r metoderna dock anpassade for att vara sé effektiva
som mdjligt for den specifika variant av problemet som éar i fokus. I Cordeau et. al. (1998),
(Tornquist, 2005) och (Schachtebeck, 2009) finns en mer omfattande beskrivning av olika
modeller och metoder for tilldelning av jdrnvagskapacitet.

Generellt sett s& innehdller modeller for operativ omplanering av tigtrafik fi detaljer och
man sirskiljer sdllan pa vilken tagvig ett tg tar genom en station utan i bésta fall definierar
man bara en méngd parallella spar varpa taget véljer en. Dessa tdgvigar dr da inte 1 konflikt
med varandra vare sig vid in- eller utfart. I praktiken &r det dock annorlunda och i en
storningssituation kan det vara viktigt att askadliggora vissa tdgvégar i mer detalj och de
marginaler som finns. Ett exempel dr da ett X2000, som enligt plan ska kdra pa ner-sparet
genom Strangsjo via spar 3 (se figuren nedan) utan uppehéll men tvingas istillet gé in via
spar 2 for en oplanerad forbigdng av ett annat tdg som uppehéller sig pd spdr 3. X2000
maste da bromsa in for att kora genom en vixel och forlorar méarkbart med tid — ndgot som
déd kan behova beskrivas av en motsvarande matematisk modell som d& kunde ha beréknat
effekten av sparvalen for de bada tdgen pa stationen och istéllet gjort det omvénda.

Nar vi vill skapa en modell dver jarnvagsnitet sa maste vi alltsd vilja lamplig detaljniva,
dvs. vilka egenskaper hos tdgen och trafiksystemet samt fysiska delar vi ska beskriva och
inkludera 1 vara berdkningar. Radtke (2008) skiljer pé olika detaljnivaer 1 de
infrastrukturmodeller som anvinds for jarnvégstrafikplanering, dir makromodeller har en
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grovre representation med mindre detaljer medan mikromodeller innehaller mer detaljer om
hur infrastrukturen dr uppbyggd och dess restriktioner. Makromodeller anvidnder ofta en
aggregerad beskrivning av vissa resurser dir exempelvis en station kan betraktas som en
mingd parallella spar av begrinsad eller odndlig kapacitet. I en mikromodell kan istéllet
samma station ses som ett komplext nétverk av flera olika spardelar som binds samman av
signaler och véxlar. Vilken niva som ar 1amplig beror givetvis pd syftet med modellen och 1
vilket avseende resultaten ska anvéndas. Desto mer detaljerad en modell &r, desto mer data
och berdkningar krdvs och for ett problem som ska 16sas i real-tid kan det vara for
tidskrdvande att samla och bearbeta en stor mdngd data. Dessutom ger en mer detaljerad
modell potentiellt upphov till en stérre méngd alternativa 16sningar att utvérdera. Desto
mindre och enklare en modell &r, desto lattare blir det att validera och verifiera den (dvs. att
kontrollera om den dr och beter sig korrekt och ger rimliga resultat) och egenskaper som
inte paverkar resultatet (ndmnvirt) bor dérfor inte inkluderas explicit i modellen. Likasa
géller dé indata som krédvs fOr att representera vissa egenskaper inte finns att tillgé eller ar
av for dalig kvalitet utan dessa maste d& hanteras pa annat sitt. Det kan dérfor vara
effektivare att approximera vissa egenskaper sd linge approximationerna ger tillriackligt
tillforlitliga resultat.

Sts
21
=5 31 a
N 3 : > N
-— -— —
72 62 52 Smt
K 51 61 77 "
=5 5
U ” 2 ” U
42 32 63 22
=5
< 1

Figur 1. Strangsjo station

En kartliggning som gjorts inom projektet visar att de flesta modeller for operativ
omplanering av jarnvégstrafik &r makromodeller som inte inkluderar signaler eller véxlar
eller anger hur tag firdas genom stationerna. I vissa fall, kan det dock vara nddvandigt att
anvinda en mikromodell for t ex hogtrafikerade omraden kring storstdder och centrala nav i
nitverket medan for andra mer glestrafikerade trafikomraden kan det vara tillrackligt med
en grov modell.

Projektet DisKon (Disposition und Konfliktmanagement) ar ett samarbete mellan de tre
tyska universiteten; RWTH Aachen, TU Dresden och Gottingens universitet, samt
Deutsche Bahn AG. Projektet syftar primért till att utveckla en metod for att hantera den
tyska problematiken kring operativ trafikledning med fokus pa att minimera effekten av
brustna anslutningar. Metoden anvénder tva olika detaljnivaer i sin modell av trafiken och
infrastrukturen men inte beroende pé att man anser det finnas behov av olika detaljnivéer i
samma modell utan man delar upp problemet i tva nivaer. Man l6ser alltsd problemet forst
grovt med en optimeringsmodell pa makronivd och nir den 16sningen &r faststilld, dvs.
vissa variabler i problemet ar fixerade, sd loser man problemet pad en mer detaljerad niva
med en mikromodell. Det borjar bli ett alltmer forekommande sétt att dela upp problemet i
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tva nivaer som loses iterativt. Man kombinerar ofta en grov problembeskrivning (som t ex
inte sdkerstdller att tdgvdgarna &r konfliktfria inne péd stationerna) men testar sedan
l6sningarna via en befintlig mjukvara som inkluderar en detaljerad beskrivning av
infrastrukturen och som i vissa fall ger feedback till den grova modellen om vilka konflikter
den identifierat.

Exempel pa andra storre internationella forskningsprojekt inom omradet &r ARRIVAL
(http://arrival.cti.gr/, avslutat) samt ON-TIME (pdgdende).

6 Projektets modeller och algoritmer

6.1 Modellering av jarnvagstrafik

Precis som i det tidigare projektet OAT+ delar vi in infrastrukturen i olika segment dér ett
segment representerar en stricka frdn en punkt till en annan och kan vara en station (anges
som station section i Figur 2 nedan) liksom en stricka mellan tva stationer (anges som line
section). Vad som karakteriserar ett segment ar att det bestar av ett eller flera parallella spar
(anges som track). Varje spar kan vara uppdelat i en eller flera blockstrackor. Vi har anvént
data fran Trainplan dir segmenten da dr av typen Network Links (NWK) eller Locations
(LOC).

Track 1 Track 1
Track 1 ; o e o a o a : Track 1
3 5 3 3
L2 _o 2 S K=t
Track 2 = = Py = Py = Py Track 2
Track 3
Tra§ck 2 Track 2
Station Line Line Station
section A section | section II section B

Figur 2. Modellering av infrastrukturen som resurser.

Vi betraktar problemet med att revidera (dvs. omplanera) tidtabellen i drift som ett s.k. job
shop scheduling problem (JSS) dir jobben som ska utféras pa olika maskiner istéllet
representeras av att tdgen ska utfora sina resp. deltransporter (en deltransport betraktas som
ett jobb) pa ett visst segment (en maskin). Varje tag ska ddrmed utféra en méngd jobb i en
given sekvens pd en médngd maskiner. Vi kallar varje sddan deltransport for en event (eller
slot/taglage). Varje tdg har da en sekvens (dvs. en lista) av events som ska utforas i en
logisk ordning. Den fOrsta eventen motsvaras dd av det uppehdll tiget har pa sin
avgangsstation eller bangard, medan eventen direfter dd motsvaras av den forsta
linjestrackan frdn avgangsstation till ndstkommande station (eller linjestrdcka, om det finns
en vixel emellan) pa just det tadgets rutt pa jarnvagslinjen. Nar ett tdg lamnar ett segment
(dvs. avslutar en specifik event) sd paborjar tiget omedelbart ett annat segment (dvs.
paborjar nista event). Enligt Trainplans datastruktur dr da samtliga events av typen Train
Movement (TMV, som sker pa en NWK) eller Train Sop (TSP, som sker pa en LOC). For
det enkla exemplet i figuren nedan har Tdg A en lista med tre olika events som ska ske i
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kronologisk ordning: {event 1 pa Alvesta-Gemla; event 2 pd Gemla; event 3 pad Gemla
Réppe}. Motsvarande eventlista for Tdg B blir dd {event 1 pd Gemla-Réppe; event 2 pa
Gemla; event 3 pa Alvesta-Gemla}.

Alvesta-Gemla Gemla-Rdppe (Vixjé)

Gemla-
Rappe

Gemla

Alvesta.
Gemla

Tid

[
I
I
[
|
[
. ¥ ¥

Tid

Ett tdglage/”en slot” kan betraktas som ett tidsfonster inom vilket ett specifikt tdg ska
anvanda ett specifikt spar pa en specifik banstracka. Vi benamner det en “event”.

Dess langd anger dess varaktighet (kdrtiden) och &r dynamisk men med ett minimivarde (den
teoretiska minsta gangtiden pa strackan). Dess reella langd blir stérre om det uppstar
kobildning och taget far invanta pa sparet bakom ett annat tag.

Vi skiljer p& anstkta/6nskade resp. tilldelade taglagen.

Figur 3. Illustration av hur vi modellerar ett tagldge/slot/event.

DU R | —

For att underlétta beskrivningen av modellen ges notationen nedan:

Lat T vara var miangd tdg, B 4r mingden av segment, och E méingden av events dir en
event dr tidsperioden da ett specifikt tdg planerar att kora pa ett specifikt segment. Lat index
i vara associerat med ett tdg, index | med ett segment och index k med en event. Varje event
tillhor bade ett tdg och ett segment, dvs. den representerar ett tag pa ett segment . Lat K; <
E vara den sorterade mingden av events for tdg i (i € T) och L; c E vara den sorterade
méngden av events for segment j (j € B). Vidare, vi anvinder (k+ 1) for att representera den

forsta event som foljer efter event kK medan K &r nagon av de event som foljer event k i de
sorterade miangderna, sa att k <k giller.

Varje segment | har ett visst antal spar P; = {l,.,p;}. Vi anvénder index t for att

representera ett visst spar.

Problemet handlar om att faststdlla ordningen pa tdgen pa resp. segment och givet denna
dven faststdlla start- och sluttider (X:fgm resp X?:d) for varje event k. Tilldelningen av

dessa tider ska givetvis beakta de infrastrukturella begransningarna som finns i form av att
varje event ska tilldelas ett spar. Om event k anvinder spér t pa det segment dar den &r
planerad sd antar den binéra variabeln q,, vérdet 1, annars 0. Om tvd tdg planerar anvinda

samma spar maste de dessutom separeras i tid, vilket hanteras av de binéra variablerna vy, .
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(som antar vérdet *1” om event k ska ske fore event k annars 0) och A (som antar vérdet
’1” om event k ska ske fore event k, annars 1). Vid enkelspérig stricka behovs inte g, eller
A, utan endast y ; eftersom det dr uppenbart att tdgen anvéinder det enda spéret som finns.

Se Figur 4 nedan for en illustration dir samtliga y-varden far véardet *1°.

TagAharindexi=1.

s Q TagD harindexi = 4.
€ a
(©
LY Taglagen pastationerna
Gernl betraktas ejexplicit har.
emla

Alvesta.
Gemla

Tid
Alvesta-Gemla
Tid
A A A A
start end start end
X1 X X4,2 2

1, om event k dr planerad att ske fore event k

1K, 0, annars (om event K dr planerad att ske fore event k)

%,AB:%JJ:l Yiac = N2 =1 7j,B,c:71,2,1:1 ,O8V...
Figur 4. Illustration av hur vi modellerar att resp. event ska skiljas i tid frdn 6vriga om de

sker pad samma spar, vilket dr nodvindigt 1 detta exempel med en enkelsparstracka mellan
Vixjo och Kalmar.

Vi skiljer ocksa pé tva olika fall dir tdgen (dess events) behdver separeras om de anvédnder
samma spar. Det ena fallet 1) dr nédr tdgen kor 1 samma riktning pa ett spar som har flera
blockstrickor och det andra ii) dr nér tvd tdg kor i olika riktning eller kor pé ett segment
med endast en blockstréacka.

I det forsta fallet ska tdgens starttid pa strickan separeras av ett minsta tidsavstand
(headway) och likasé dess sluttider. I ii) maste forst det ena taget limna segmentet, en viss
’clear time” for att sldppa tagvéigen ska passera, och forst direfter far nésta tig starta pa det
segmentet. Anvénder tdgen inte samma spar (och tdgvégarna inte pa annat sétt dr 1 konflikt)
sé spelar tdgens inbordes ordning ingen roll.

I figuren tar vi inte upp events som sker pa stationerna men i vara modeller och algoritmen

behandlar vi events pa stationer pd i princip samma sitt som de pad linjen mellan
stationerna.

13
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De variabler som ndmns ovan ingér sedan 1 en mingd villkor som begriansar vilka 16sningar
som blir tilldtna och av de 16sningar som &r tillatna soker 16sningsmetoden efter den som ar
bist utifrdn en malfunktion. En malfunktion kan exempelvis vara att minimera avvikelsen
mellan de tilldelade (av losningsmetoden) avgangs- och ankomsttider och de dnskade. Vi
har anvant den kommersiella mjukvaran IBM ILOG CPLEX Optimizer version 12.2 for att
16sa optimeringsproblemet som vi formulerat. Modellen och notationen for problemet som
helhet dr baserad pa den som aterfinns i (Térnquist Krasemann, 2012).

6.2 Girighetsalgoritmen

Ett vanligt sétt att beskriva beroenden och hierarkin mellan olika element eller handelser ar
1 egenskap av trdd som bestar av ett antal noder som ar lankade likt grenar till varandra si
att det inte bildas ndgon loop. Varje nod, utom rotnoden, har foréldrar och varje nod kan ha
ett eller flera s.k. barn. En nod som saknar barn kallas for 16v och slutat pa varje gren ér
alltsa ett 16v. Ett trdd kan sdgas besta av en samling deltrdd. Det ar utifran denna struktur
som algoritmen skapar och lagrar 16sningar, dvs. planen for hur tdgen i ordning ska
exekveras pa resp. striacka de planerar trafikera.

Algoritmen skapar och utvéirderar alltsd omplaneringslosningar genom att successivt
exekvera de events som star pé tur enligt beskrivningen ovan. Det vill sdga, finns det n tag
som har events som ¢j dnnu 4dr exekverade dr det n events som undersoks i varje steg for att
vélja den event som &r bist ldmpad att exekveras i ndsta steg. De events som exekveras
laggs till och bygger upp en gren dér varje exekverad event dr en nod och dir den forsta
noden, roten, dr den forsta eventen som exekverats. Den sista eventen i varje gren, €tt 10v,
ar den som exekverats senast. Iterativt skapas nya l0sningar, grenar, som da bildar
sokiradet. Hela trddet sparas inte utan endast den bdsta 16sningen man har funnit hittills
samt den aktiva gren i tradet som sokningen utgér ifrdn. Man behaller dock i minnet vilka
delgrenar man redan har undersokt for att undvika 1 mdjligaste man att man upprepar att
utvdrdera en losning flera ganger. Varje nod i en gren har ett virde som dr en optimistisk
kostnadsestimering (en nedre gréns) av den ldsning som den aktiva grenen ovan noden kan
komma resultera i. Véardet pa noder efter nod i dr dirmed alltsa lika eller storre vid ett
minimeringsproblem.

Algoritmen har tre olika faser och har implementerats i Java. Fas 1 dr en startfas (pre-
processing phase), medan i1 Fas 2 utfors en djupgaende sokning (Depth-First Search, DFS)
for att snabbt hitta en forsta giltig och tillrdckligt bra 16sning, dvs. skapa den forsta
kompletta grenen i trddet. I Fas 3 anvinder algoritmen den tid som &terstar (av totalt 30
sekunder i detta fall) for att gé tillbaka i trddet och forsoka hitta andra 16sningar som dr
béttre dn den forsta 16sningen.

I Fas 1 exekveras forst de events som motsvaras av de tdg som &r aktiva nér storningen
intrdffar sa att starttiden for dem samt allokerat spar blir som planerat. Den forsta ej
exekverade eventen i varje tdgs kronologiskt sorterade eventlista 14ggs i en kandidatlista
som &r sorterad efter maxvirdet av 1) den tidigaste mojliga starttiden resp. 2) dess
planerade starttid.

Fas 2 borjar sedan med att events i kandidatlistan utvérderas, ddr kandidateventen med den
tidigaste starttiden utvirderas forst. Forst kontrollerar algoritmen om det finns nigot ledig
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spar for eventen (med preferensen for det spar som tilldelats i tidtabellen). Om det inte
finns nagot ledigt spér, s fortsétter den istillet att utvirdera nista event i kandidatlistan.
Om tillgdngligt spar finns utfors en deadlock-analys samt en analys av om det foreligger
intressekonflikt géllande tillgéng till sparet pa just det segmentet. Om intressekonflikt finns
mellan tvé eller fler events (dvs. tdg) som &r planerade, s& berdknas effekterna av de olika
konfliktalternativen. De events som man identifierat att det finns en konflikt med for
kandidateventen maste dock inte finnas i kandidatlistan. S& om tdg A &r under utvirdering
for att fa ett spdr allokerat fore tdg B och om detta potentiellt skulle forsena tdg B, si
berdknas en nettominimikostnadsokning (net minimum expected cost increase) som tar
hénsyn till aktuell férsening och relevanta bufferttider. Om vérdet &r positivt, indikerar det
att pa kort sikt skulle tdg B drabbas mer &n vad tdg A skulle vinna pa att fa tillgang till
sparet forst och foljaktligen att det skulle vara mest kostnadseffektivt 1 det kortare
perspektivet att prioritera tag B.

Nér den bésta eventen i kandidatlistan har identifierats sa exekveras den (dvs. den blir
aktiverad) och allokeras en starttid och ett spar i linje med géllande restriktioner. Eventuell
foregédende event for det berdrda taget avslutas foljaktligen néar den nya exekveras och den
resurs som var allokerad frigors. En nod som representerar att den nyaktiverade eventen
allokerats ett visst spar bygger pa tridet/grenen och nodens fordlder” (dvs. dess parent
node) lagrar i sitt minne vilka direkt underliggande noder (dvs. child nodes) den har haft.
Denna information anvénds sedan under back-tracking i Fas 3. En kostnadsestimering for
den nya ej dnnu kompletta 10sningen berdknas genom att samtliga tdgs minsta mojliga
forsening till slutstation summeras. Se Figur 5 nedan for en illustration av algoritmens
arbetsprocess.

Nir samtliga events har exekverats (och avslutats) och lagts till som noder i trddet har en
forsta komplett och giltig 10sning hittats och den sista nodens virde &r den verkliga
kostnaden for 16sningen, C*. Kostnaden kan vara angiven pa valfritt sidtt men vi har valt att
i detta exempel summera samtliga tags forsening till dess slutdestination inom angivet
trafikomrade och tidshorisont (dvs. den sista eventen i resp. tags i eventlista).

I Fas 3 anvénder sedan algoritmen resterande berdkningstid for att expandera trddet och
sOka vidare efter en battre 16sning. Undantaget &r (dvs. da s6kningen avbryts) om virdet pa
rotnoden dr detsamma som den funna kompletta 16sningens vérde. Att védrdena ar lika
innebdr att det inte finns ndgon béttre 16sning eftersom den klassiska principen om att alla
nodvérden pa noder under en nod i &r lika bra eller simre géller. Nar algoritmen gar upp i
tradet (s k back-tracking) for att for forsta gangen vilja en lamplig nod att expandera
vidare, sa viljs en nod vars virde &r lagre dn gdllande 6vre grans (dvs. upper bound = C*).
Den Ovre griansen dr d& kostnadsvérdet for den hittills bista funna kompletta 16sningen.
Algoritmen fortsdtter att expandera den aktiva grenen tills den hittar en ny komplett bittre
16sning (som d& sparas) eller en intermedidr nod som har ett virde som é&r storre eller lika
med den Ovre griansen. Nar back-tracking sker pa nytt sd véljs aterigen en nod med ett viarde
som dr lagre &n den Gvre gransen. For att undvika att samma nod viljs ater och éter igen sa
anvinds den lagrade informationen om vilka direkt underliggande noder som tidigare
besokts.
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TagB ar forsenat 6 minuter

B .- Spi
Spir2 | D | F |
Segment 3 Segment 5

Segment 2 Segment 4

Segment 1

Fas1: Tagsom befinner sig i
natverket nér storningen, deras

Eventlista for tig A-F.

events som starnédstpatur att Tid
aktiveras (aterfinns i kandidat-
listan) utvérderas och den som

boraktiveras forstvaljs ut. ‘A1’ motsvarar event/tagliget for Tag A pa Tid

Segment 1, S1 avser att Spar 1 tilldelas.

. 5 Kandidatlista
motsvarande aktiva event laggs
ALSI tilli soktradet,dvs. Tag A pa e A2 | A3 | A4 ] As |
spar 1 pa Segment 1 ochtigB
péspar2 pa Segment 5 (N,- Cl %l Cl I c2 I c3 I C4 I &) |
B5,52 N,). Kostnadsestimeringen i B4
N,, Cy, = 6 min, dr det D5 | El | E2 I E3 I E4 | E5 |
teoretiska minimivérdet, LB,
? eftersom Tag B har ingen El < sl B4 I B3 I B2 | Bl |
marginal kvar. F5
@ Fas2 startar genom att de | D5 I D4 I D3 I D2 I Dl |
|

<« | F5 | F4 | F3 | F2 | F1

Tag D forbigér tag B péa segment 5
for att inte merforsenas.

Segment 1 Spir3 Segment 3 Segment 5
N Segment 2 Segment 4
Kostnadsestimeringen
fornod i och nod (i+1) o Eventlista for tdg A-F.
ar alltid: 3 Kandidatlista
6=LB < Cy; < Cyis) 6 Al A2 A3
A2,S1 D4
e | [l c2c3Tca]ocs]
CL,s1 N3
’ B4
= [E1 [ E2 | E3 [ E4 | E5 |
Cyny=6
D5,S1 N4
G/ c2| <« |l B+]B3B2]B1]
Cys5=06 El
A3S1 N D4 [ D3 [ D2 [ D1 |
Cre=6 Tid «—|F5|Fa|F3|F2]|F1|
Vilken kandidatevent Spar2 ér det 6nskade spéret for tAg D pd segment 4, men det finns en Tid
bor viljas nést och intressekonflikt med tdg B och nettoeffekterna av att vilja D4 pa spar 2 berdknas:
med vilket spar? D4,S2=>V(CB4=1; VCP*=3; VC=max(0, VCB*- VCP%=0; i.e. prioritera D4

Figur 5. Beskrivning av girighetsalgoritmens Fas 1 och 2.
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Cy7=6 G
Expandera endast nod N3,
D4,52 / \ D4,51 ., omdess varde dr bittre dn
C*, eller gé tillbaka till nod
Cre=6 @ @ C=? Ny och vilj en annan nod
ras1 / \ . att exekvera. Om alla noder
' ' nedanfor N5 inte medfor en
forbattring m a p C* atergd
@ Cnar=9 till nod N.

Fas3: Aterkalla alla
beslut/events tills
Cyi < C* ,medan i1

Cnzp=9 =C* >2.

Figur 6. Beskrivning av girighetsalgoritmens hantering av trddsokning i Fas 3.

Vad som bland annat forbéttrats 1 vidareutvecklingen av algoritmen ar dess strategier for att
undvika att utvirdera losningar som dr mycket lika tidigare l9sningar. Som exempel kan vi
ta den enkla situation som uppstdir om vi har tva tdg 1 motsatt riktning péd en
enkelsparstricka och dér bada ska stanna pa en station for ett uppehall. Stationen har tva
spar enligt figuren nedan och tillater samtidig infart. Denna typ av station kallar vi
symmetrisk eftersom val av spdr har mindre betydelse. Om vi har situationen dar tdgen &r
pa vég in till stationen och algoritmen ska avgora, enligt soktradsforfarandet, i vilken
ordning de ska exekveras och sparval, sa finns fyra olika alternativ. Datastrukturméssigt &r
det fyra olika losningar men frdn ett praktiskt perspektiv utgdér de mycket snarlika
l16sningar. Alla behdver ddrmed inte undersokas pa just den nivan i triddet i Fas 3 (eftersom
algoritmen 1 forsta hand tilldelar den 6nskade stationssparet). En begransning sétts darfor pa
antalet utvirderingsalternativ pd symmetriska stationer. Algoritmen beskrivs i mer detalj 1
(Toérnquist Krasemann, 2012) samt (Grahn och Térnquist Krasemann, 2011).

AlS1

Spar2
B3,S1

Segment1 Segment2 Segment3

A2,S1  A2,S2 B2S1 B2,S2
Figur 7. Exempel pa symmetrisk station och effekten av redundans.
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6.3 Parallelisering av girighetsalgoritmen

Att parallellisera en algoritm innebér i princip att man skapar flera, snarlika kopior av
algoritmen, vilka parallellt och beroende/oberoende av varandra forsoker hitta bra 16sningar
till problemet. Man kan se skillnaden mellan den sekventiella girighetsalgoritmen och den
parallella versionen som att i den sekventiella sitter det en trafikledare som forsoker 16sa
situationen ensam medan i den parallella versionen sitter det manga fler trafikledare som
arbetar med samma problem parallellt och (delvis) oberoende av varandra. Trafikledarna
forsoker skapa ett antal olika omplaneringslosningar och utbyter information med varandra
om vilka omplaneringsatgérder som dr bra och kan leda till en bra 16sning samt vilka som
ar mindre bra. Darmed blir sjdlva jakten pa I6sningar mer effektiv och det skapas ocksé fler
alternativa och kompletterande 16sningar som de riktiga trafikledarna hos Trafikverket kan
ta stdllning till och modifiera vid behov. En central utmaning &r da att undvika att dessa
parallella berdkningar leder till likadana ldsningar. Istéllet vill man effektivt kunna
identifiera de bista alternativa I6sningarna och berdkna effekterna av dessa. En annan
utmaning &r att skapa ett effektivt informationsbyte mellan de parallella processerna som
inte hdmmar sjélva berékningarna.

Vi anvinder en sa kallad master-slave strategi dér det finns en 6vergripande koordinering
som skots av en s k master. Denna master fordelar arbetet mellan de parallella processerna
som benémns tradar/slaves/workers.

I initieringsfasen utfor forst var master Fas 1 precis som 1 den sekventiella
girighetsalgoritmen. Sedan skapas den fOrsta kandidatlistan samt ett valfritt antal parallella
processer (dvs. trddar, som &r sex stycken i exemplet nedan och Figur 8). Varje trad, T,
tilldelas en tilldten event frdn kandidatlistan att utgd ifran s att Trad 1 (T1) fir den forsta
tilldtna kandidaten i listan (A2). Trad 2 (T2) tar sedan den kandidatevent som star pa tur
nést (C1) och sd vidare. T1 startar forst Fas 2 med att exekvera A2 och hitta en tillaten
16sning medan Trad 2-6 véntar. Forst ndr T1 hittat en tilldten 16sning sa startar den
parallella bearbetningen. Det vill sdga, nidr T1 pdborjar Fas 3 pd samma sétt som 1 den
sekventiella girighetsalgoritmen, sa startar T2-T8 Fas 2 med utgangspunkt fran sin resp.
tilldelade start event C1-F5 och soker pd samma sitt som girighetsalgoritmen. I en senare
version av parallelliseringen (se kapitel 6.6) far dock Ovriga tradar starta efter en viss tid,
dven om T1 inte dn, hittat en tilliten 16sning. Detta for att minska risken for att systemet
kollapsar om T1 av ndgon anledning inte nar en tillaten 16sning tillrdckligt fort.

I figuren nedan markeras tva noder med ”X”. Dessa noder motsvarar tillstdndet efter att trad
5 och 6 skulle starta event El resp. F1 och ”X” illustrerar att dessa tvd events inte kan
exekveras direkt efter nod N,. Detta beror pa att motsvarande tag — tdg E och tdg F - ligger i
kolonn efter tdg C och tdg D resp. med ett minsta tidsavstand enligt headway-principen. Det
innebdr att event C1 och D5 méste exekveras forst.

Nér parallelliseringen startat och tradarna fortsitter att - oberoende av varandra men med
olika utgingsligen - leta efter forbdttrade l0sningar sd informerar de varandra om
forbattringar och uppdaterar den globala biasta 16sningen via en s k white board. I
grundimplementationen av den parallella girighetsalgoritmen har de olika trddarna samma
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sokbeteende, men 1 senare version (se kapitel 6.6) skapar vi olika strategier for dem sa att
de pa ett béttre sitt tar hojd for den variation av stérningsscenarier som upptrader och béttre
kompletterar varandra. Mekanismen och funktionen for att utbyta information mellan
tradarna dr ocksé under utveckling.

TagB dr forsenat 6 minuter

Spér2 [ D[ F |
Segment 3 Segment 5
Segment 2 Segment 4

Segment 1

Kandidatlista Eventlista for tig A-F.

<« MW a2 a3 T a4 [ as

[ A2 || c1 |[ B4 |[ D5 || E1 || F5 |

«—|cflca|c3|calfcs

< E1|E2|E3|E4|Es5

|
|
|
< Bl B4 B3 [B2[B1]
|
|

< |D5|D4|D3|D2| DI

<« | F5 | F4|F3|F2]|FI

Tid

Crz=9=C*

Figur 8. Beskrivning av parallelliseringen av girighetsalgoritmen.

Tre centrala fragestillningar i vidareutvecklingen av den parallella versionen av
girighetsalgoritmen har varit:

a) Hur manga trdar vi ska anvénda?

b) Nar ska vi initiera parallelliseringen?

c) Hur ska vi sortera kandidatlistan sd att tilldelningen av startevents” till tradarna blir
mest optimal?

Eftersom antalet trddar motsvarar antalet parallella processer s beror deras effektivitet pa
hur manga processorer (kdrnor) den datorn som man anvinder har. Har man fler trddar én
kdrnor sé behover trddarna turas om att {2 tillgang till kdrnorna. Denna resursdelning kan 1
varsta fall leda till att en trad, A, som &r néra att hitta en forbéttrad I6sning pausas temporért
till forman for en annan trad, B. Den gren som trdd B utgar ifrén i soktrddet kanske hade
betraktas som icke-intressant om trdd A hade fatt hitta den forbittrade 16sningen forst. A
andra sidan kanske detta hade tagit mycket ldng tid. Ett 6kat antal traddar medfér dock en
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mojlighet att sprida riskerna och undersoka manga olika strategier och delar av det stora
soktradet.

Val av parallelliseringspunkt dr viktigt av den anledningen att om man bdrjar hogt upp 1
tridet (som i grundimplementationen) &r risken att tradarna utfor mycket snarlikt arbete och
undersoker snarlika 16sningar (jmf. effekten av symmetriska stationer). Initierar man a
andra sidan parallelliseringen for sent kan man redan ha fattat mindre optimala beslut som
dé paverkar mgjligheterna att expandera trddet och hitta béttre 16sningar.

Det &r alltsa en viktig balansgang och forhédllandet mellan dessa tre aspekter nidr man
designar parallelliseringen analyseras bést via upprepade experiment med olika
konfigurationer. I véra initiala experiment kom vi fram till att om vi inte skapar en trad for
varje kandidatevent i den forsta kandidatlistan sa kan vi missa att expandera viktiga grenar i
soktrddet. Vi anvinde atta kdrnor och som mest 52 tradar och detta forhallande - 8/52 - dr
generellt sett inte sa effektivt fran ett resurstilldelningsperspektiv. Om man utgar fran att
varje trads resultat dr synnerligen viktigt for att hitta bédttre 10sningar - snarare &n att
eventuellt bara identifiera en eventuellt ointressant gren - sa borde konfigurationen av b)
och c) sidkerstélla att det racker med ett lika stort antal tradar som kédrnor. En utmaning
ligger ddrmed i att hitta den optimala sorteringen/tilldelningen av start events och startpunkt
for parallellisering (som ju ocksa kan ske gradvis). Beskrivningen av algoritmutvecklingen
och experimenten beskrivs i sin helhet i (Igbal et. al., 2012a) i Bilaga 1.

I nésta steg skapade vi darfor ett antal olika strategier for att sortera kandidatlistan sa att de
absolut 1ampligaste kandidaterna ligger forst i listan oberoende av vilket stérningsscenario
som avses. Vi valde att kalla den initiala sorteringsstrategin for “strategy 0, forkortat s0.
Nedan listas de olika strategier vi valde att anvéinda och utvérdera effekten av:

s0 = Sortering baserad pé tidigaste mojliga starttid for resp. kandidatevent

sla = Sortering baserad pa tidigaste mojliga sluttid (“releasetid”) for resp.
kandidatevent berdknad pé den planerade kor-/uppehéllstiden.

sIp = Sortering baserad pa tidigaste mojliga sluttid (“releasetid”) for resp.
kandidatevent berdknad pd den minsta moéjliga kor-/uppehallstiden.

s2 = Sortering baserad pd tidigaste mdjliga starttid for resp. kandidatevent men tar
ocksa hansyn till om kandidateventen har nagon buffertid.

s3 = Sortering baserad pa 1) tidigaste mojliga starttid for resp. kandidatevent samt 2)
minsta mojliga kor-/uppehéllstiden.

s0 har visat sig effektiv att hitta den forsta tillatna 16sningen snabbt men &r sedan inte i alla
scenarier lika effektiv att hitta forbattringar. Detta beror delvis pé att sorteringsstrategin inte
tar hdnsyn till nir en kandidatevent forvéntas avslutas utan endast hur tidigt den kan starta.
Strategi s1 — 1 de tvd olika men mycket snarlika utférandena - sorterar istdllet baserat pa
tidigaste releasetid” och prioriterar de events i “kon” som kan avslutas fortast. s2 dr
mycket snarlik sO men tar ocksé hénsyn till om en event har ndgon bufferttid. s3 ar ocksa
mycket lik sO men har som andra kriteriet att jamfora minimikortiden och prioriterar den
event som har kortast minimikdrtid om tva events har samma tidigaste mojliga starttid.
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For att jamfora effekten av de olika sorteringsstrategierna utforde vi en miangd experiment
baserat pd de 20 scenarier som redovisas i ndsta kapitel samt 80 ytterligare baserat pa
samma tidsperiod och nitverk som de andra 20. Utférande och resultat redovisas i sin
helhet i (Igbal et. al., 2012b) som aterfinns i Bilaga 1.

6.4 Simuleringsexperiment och utvardering av algoritmen

Experimenten vi har genomfort for att utvérdera algoritmernas prestanda har utgatt fran de
scenarier som anvandes 1 OAT+ for att kunna gora en jimforelse med tidigare experiment
med den sekventiella versionen av algoritmen.

Vi har fokuserat pé trafiken i omradet for Norrkopings distrikt (se figuren nedan) med en
mer detaljerad modell av strickan Norrkoping-Katrineholm. Alla spar tillater trafik i bada
riktningar och strickan Katrineholm-Aby-Mjélby #r dubbelsparig medan ovriga linjer dr
enkelspériga. Stationerna har mellan tva och 14 spar med undantag fran Norsholm (Nh)
som bara har ett. Linjestrickorna mellan Katrineholm och Aby innehiller sju konsekutiva
blockstrickor vardera medan strickan mellan Aby och Norrkdping innehaller tva
konsekutiva linjestrickor precis som strickorna Alberga-Kolmarden samt Linkdping-
Linghem. For stationerna Aby, Simonstorp samt Stringsjo ir endast tillitna tigvigarna
inkluderade medan f6r dvriga stationer dir modellen inte innehdller denna information si
antar vi att alla tdgvigar in till och ut fran stationerna &r tillatna. Vi har tillimpat algoritmen
pa tre olika typer av storningskategorier:

Kategori 1 innebar att ett tag anldnder trafikdistriktet med en viss forsening eller att det far
en temporér forsening pa ett segment inom distriktet.

Kategori 2 innebar att ett tdg har en mer “kronisk” forsening sdsom nedsatt
accelerationsformaga vilket resulterar i 6kade géngtider.

Kategori 3 syftar pa ett infrastrukturfel som ger upphov till exempelvis en
hastighetsnedséttning pa en viss linjestrdicka och som resulterar till att samliga tdg som
passerar far 6kade gingtider.

Vi har anvént tidtabellsdata fran TrainPlan och simulerat att storningarna intrdffar i
rusningstrafik pa eftermiddagen den 23 april 2009. Vi har omplanerat trafiken inom en
tidshorisont pd 90 minuter med utgdngspunkt fran da resp. stdrning intréffat samt vi har
tillatit en maximal berdkningstid pa 30 s. En beskrivning av resp. scenario finns i Tabell 2
och Figur 10. Scenario 1-10 tillhor kategori 1 medan 11-15 tillhdr kategori 2 och 16-20
tillhor kategori 3.
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Figur 9. Nitverket som anvénts i den fOrsta experimentella utvirderingen av den parallella
algoritmen.
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Scenario

1 Tég 538 (norrgdende X2000), forsenat 12 min Linkdping-Linghem.

2 Tag 538 (norrgadende X2000), forsenat 6 min Linkoping-Linghem.

3 Tég 2138 (sddergdende intercity), forsenat 12 min Katrineholm-Strangsjo

4 Tag 2138 (sddergaende intercity), forsenat 6 min Katrineholm-Strangsjo

5 Tég 80866 (norrgdende intercitytag), forsenat 12 min Linképing-Linghem.

6 Tég 80866 (norrgdende intercitytag), forsenat 6 min Linképing-Linghem.

7 Tég 8764 (norrgédende intercitytag), forsenat 12 min Mjélby-Mantorp.

8 Tég 8764 (norrgdende intercitytdg), forsenat 6 min Mjolby-Mantorp.

9 Tég 539 (sddergaende X2000), forsenat 12 min Katrineholm-Strangsjo

10 Tag 539 (sddergdende X2000), forsenat 6 min Katrineholm-Strangsjo

1 Tég 538 (norrgdende X2000) med kronisk hastighetsnedséttning som medfor 50%
Okade kortider pa alla linjesektioner med start Linkoping-Linghem

12 Tag 2138 (sddergaende intercity) med kronisk hastighetsnedséttning som medfor
50% dkade kortider pé alla linjesektioner med start Katrineholm-Strangsjo

3 Téag 80866 (norrgdende intercity) med kronisk hastighetsnedsattning som medfor
50% okade kortider pa alla linjesektioner med start Linkoping-Linghem

14 Tég 8764 (norrgdende intercity) med kronisk hastighetsnedséttning som medfor 50%
Okade kortider pa alla linjesektioner med start Mjolby-Mantorp

15 Tég 539 (sddergdende X2000) med kronisk hastighetsnedsittning som medfor 50%
Okade kortider pa alla linjesektioner med start Katrineholm-Strangsjo
Hastighetsnedsittning for alla tdg mellan Strangsjo och Simonstorp (alla tag far en

16 kortid pa 27 min, jmf. 5-10 min planerad kortid) med start for det s6dergéende
godstaget 43533.

17 Hastighetsnedsittning for alla tdg mellan Aby och Simonstorp (alla tdg fir en kortid
pé 20 min) med start for tag 2138.

18 Hastighetsnedsittning for alla tdg mellan Aby och Norrkdping (alla tag far en kortid
pé 8 min) med start for tag 2138.

19 Hastighetsnedsdttning for alla tdg mellan Mjolby och Mantorp (alla tdg far en kortid
pa 20 min) med start for tdg 8764.

20 Hastighetsnedsattning for alla tdg mellan Linképing och Linghem (alla tdg far en
kortid pa 15 min) med start for tdg 538.

Tabell 2. Beskrivning av scenario 1-20.
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Figur 10. Beskrivning av trafikbilden pa delstrickan Katrineholm(K) — Mjolby (My) déar
storningsscenarierna intréaffar.
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6.5 Utvardering av alternativa sorteringsstrategier

For att jamfora effekten av de olika sorteringsstrategierna som beskrivits 1 kapitel 6.3
utforde vi en mdngd experiment baserat pa de 20 scenarier som redovisas 1 kapitel 6.4 samt
80 ytterligare baserat pa samma tidsperiod och nitverk som de andra 20. Utférande och
resultat redovisas 1 sin helhet i (Igbal et. al., 2012b) som aterfinns i Bilaga 1.

I Tabell 3 nedan visas en summering av resultatet frdin de experiment nir den sekventiella
algoritmen har omplanerat trafiken under 30 s. De olika kolumnerna anger resultaten da
sorteringsstrategin har varit olika enligt beskrivningen i kapitel 6.3. Det vill sdga:

s0 = Sortering baserad pé tidigaste mojliga starttid for resp. kandidatevent

sla = Sortering baserad pa tidigaste mojliga sluttid (“releasetid”) for resp.
kandidatevent berdknad pa den planerade kor-/uppehallstiden.

sl = Sortering baserad péd tidigaste mdojliga sluttid (“releasetid”) for resp.
kandidatevent berdknad pd den minsta mdjliga kor-/uppehéllstiden.

s2 = Sortering baserad pd tidigaste mdjliga starttid for resp. kandidatevent men tar
ocksa hédnsyn till om kandidateventen har ndgon buffertid.

s3 = Sortering baserad pa 1) tidigaste mojliga starttid for resp. kandidatevent samt 2)
minsta mojliga kor-/uppehéllstiden.

Som framgéar av Tabell 3 nedan och de resultat som aterfinns i artiklarna i Bilaga 1, sa &r
det inte en enda sorteringsstrategi som dr dominerande i alla scenarier. Strategierna som
baseras pa tidigaste starttid (s0) samt tidigaste “releasetid” fungerar bést (sla och s1f) och
kompletterar varandra vél. Strategin som tar hinsyn till bufferttiden (s2) fungerade i sin
implementation sdmst. I likhet med tidigare resultat dr fortfarande flera av de storningar
som dr av typen infrastrukturfel svérast att 16sa.

Eftersom det heller inte &r mgjligt att identifiera ndgon tydlig korrelation mellan typen av
storningsscenario och val av sorteringsstrategi dr det lampligt att anvénda flera parallella
algoritmer med olika sorteringsstrategier och ddrmed 6ka mojligheterna att hitta flera bra
16sningar.
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Scit Basta funna l6sning (i sekunder) av sekventiell alg. | Minsta CPLEX 12.2
SO Sla S1B S2 S3 virde 24h
1 1175 995 1103 1489 1103 995 855
2 437 288 396 751 396 288 226
3 781 686 740 1150 740 686 570
4 421 326 380 790 380 326 210
5 930 1111 1300 1604 1300 930 686
6 53 53 68 592 68 53 30
7 499 499 568 1109 568 499 486
8 207 332 401 1003 401 207 176
9 800 768 837 1405 837 768 731
10 269 269 338 874 338 269 256
11 1233 1084 1192 1233 1192 1084 1022
12 680 585 639 1049 639 585 469
13 2245 2231 2488 2900 2504 2231 2230,5
14 1519 1677 1856 1999 1958 1519 1112,5
15 1659 1850 1913 2264 1912 1659 1598,5
16 13850 13850 13850 13850 13850 13850 13850
17 7069 7105 9128 7069 9128 7069 7038
18 4295 - 4739 4130 4739 4130 4130
19 28883 28883 28883 28883 28883 28883 | 28740 (41.77%)
20 23587 21898 - 22954 - 21898 18971 (36.8%)

Tabell 3. Simuleringsresultat fran studien av betydelsen av val av sorteringsstrategi for
kandidatlistan. Tidshorisonten dr 90 minuter for samtliga scenarier och algoritmen har haft
en max tilldten berdkningstid pd 30 s. Den sekventiella algoritmen utgér ifran den version
som beskrivs 1 (Tornquist Krasemann, 2012).

6.6 En multistrategibaserad paralléell girighetsalgoritm

Som resultaten i Tabell 3 ovan visar sda dr en kombination av de mest framgangsrika
sorteringsstrategierna ett lampligt séitt for att gora berdkningsmetoden mer effektiv och
robust. I det senaste forskningsarbetet har vi kombinerat de olika strategierna pé tre olika
sétt; ”Approach 1-3” dér varje "worker” (dvs. parallell trad) tilldelas en av de strategierna
som beskrivits ovan och sorterar sin kandidatlista baserat pa denna.

Approach 1: 1 strategi och 1 worker/kandidatevent

Hér &r antalet "workers” samma som antalet events 1 kandidatlistan vid tidpunkten

To (nér storningen intrdffar). Alla workers anvinder samma strategi s denna

approach har 5 olika varianter (en per strategi).

Approach 2: 5 olika strategier och 1 worker/strategi:

Har skapar vi 5 workers som far varsin av de fem olika strategierna.
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e Approach 3: 5 workerg'kandidatevent:
Har skapar vi fem workers per event i kandidatlistan vid Ty (i.e. minimum 5x50 =
250 workers 1 vara probleminstanser) dir varje worker far varsin av de fem olika

strategierna.

Det dr i Approach 1 och Approach 3 vi kan fia problem med resurstillgdngen (som
diskuterats 1 kapitel 6.3) for de olika tradarna. Samtidigt &r Approach 3 den som skapar flest
olika mojliga l1osningar. I Tabell 4 nedan aterfinns en summering av resultaten som ocksa
haller pd att sammanstéllas i en artikel till RailCopenhagen 2013. Vi kan se hir att for
Approach 3, som rimligtvis borde hitta samma eller béttre 16sningar &n i de andra tva
utforanden, sd verkar resurstilldelningen bli ett problem. Detta visar sig ocksa stimma nir
vi utdkar berdkningstiden fran 30 sekunder till 6ver 15 minuter och da dven Approach 3
hittar de basta 16sningar (dvs. 1 scenario 1,2 och 13).

Sci Parallel approach 1 Parallel Parallel
approach 2 |approach 3
SO Sla S1pB S2 S3

1 1172 995 1103 1486 1103 995 1103
2 437 288 396 751 396 288 366
3 781 686 740 1150 740 686 686
4 421 326 380 790 380 326 326
5 701 956 1338 1190 878 930 701
6 53 53 68 592 68 53 53

7 499 499 568 1109 568 499 499
8 207 332 401 1003 401 207 207
9 744 768 837 1349 837 768 744
10 269 269 338 874 338 269 269
11 1233 1084 1192 1233 1192 1084 1084
12 680 585 639 1049 639 585 585
13 2245 2231 2488 2900 2504 2231 2245
14 1519 1677 1888 1999 1888 1519 1519
15 1659 1844 1913 2264 1912 1659 1659
16 13850 13850 13850 13850 13850 13850 13850
17 7069 7105 9128 7069 9128 7069 7069
18 4295 4242 4739 4130 4739 4130 4130
19 28883 28883 28883 28883 28883 28883 28883
20 23144 21898 - 22954 - 21898 21898

Tabell 4. Simuleringsresultat frdn analysen av olika parallelliseringsstrategier. Tids-
horisonten dr 90 minuter for samtliga scenarier och algoritmen har haft en max tillaten
berdkningstid pa 30 s. Den sekventiella algoritmen utgar ifrdn den version som beskrivs i
(Toérnquist Krasemann, 2012).

Resultaten i Tabell 4 indikerar att ett [ampligt nésta steg &r att anpassa Approach 2 si att

atta trddar anvéinds (dvs. lika minga som antalet kirnor i vir nuvarande laborationsmiljo)
och dir flera tradar tillimpar samma strategi av de béttre strategierna. Det kan dock finnas
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behov av ytterligare sorteringsstrategier och rutiner for algoritmen att inkludera beroende
pa vilka operativa prioriteringskriterier och andra riktlinjer som kommer att gélla framdver.
Detta dr dock en aspekt for fortsatt arbete och diskuteras inte vidare i denna rapport.

6.7 Forbattringar av den sekventiella girighetsalgoritmen

Basen for den parallella algoritmen dr som bekant den sekventiella algoritmen. I dess
initiala utformning (som beskrivs i Tornquist Krasemann, 2012) sa har vi visat i foregdende
kapitel att den behover justeras med avseende pa sorteringsstrategin for att fungera béttre
for vissa typer av storningar. Vi har ocksd genomfort vissa andra forbittringar som
genererar bdttre 16sningar i vissa scenarier men framfor allt som gor den mer stabil. En
viktig komponent som vi har studerat dr hur algoritmen kan skapa béttre prognoser och
approximationer av de foljdeffekter ett visst beslut far langre ner i beslutstradet. Figur 11
nedan visar hur approximation av ldsningens slutvirde (dvs. den totala forseningen for
samtliga tag vid slutstation) beréknas 1 varje steg, sd att ju langre ner i triadet (dvs. ju farre
events som aterstér att planera) desto mer exakt blir approximationen. Som vi kan se sa ér
det svért att f4 en tydlig och konsekvent bild av hur det approximativa vérdet forhéller sig
till slutvirdet.

% 10 tinimurm expected delay at each node for 4 feasible solutions scn20-80 min backtracking with new values

R
1st feasible solution ’—[7

2nd feasible solution

Zh 3rd feasible solution
Ath feasible solution-Best

o
T

.
T

Original Mode values

[N
T

08~

0E | | | | | |
0 100 200 300 400 500 600

Tree depth

Figur 11. Beskrivning av hur approximationen av malfunktionsvérdet for olika
omplaneringsforslag utvecklar sig ju ndrmare fixering av alla tdgrorelser algoritmen
kommer i resp. forslag. I det ideala fallet vill man att de olika kurvorna inte skir varandra.
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Ett sétt dr att mita andra egenskaper 1 dellosningen som kan ge ytterligare information om
huruvida algoritmen ir pd vig ner i ritt nod och gren av trédet eller ej. I en mindre studie
har projektet testat ett antal sétt. Studien och resultaten aterfinns i Bilaga 2.

7 Utvéardering av algoritmen fran ett driftper spektiv

I den teoretiska analysen, i Fas 2 resp. Fas 4, har vi utvdrderat hur stabil och snabb
algoritmen ar och hur bra l6sningar den genererar med avseende péd teoretiska
optimalvirden. Men minst lika viktigt dr att analysera i vilken utstrdckning algoritmens
modell avspeglar trafiken och infrastrukturen i1 ett omplaneringsskede korrekt och ger
forslag pa rationella omplaneringsédtgérder. Denna typ av utvérdering planerade vi att gora
framfor allt 1 Fas 4.

7. 1 Utvérderingsaspekter

Primért avser vi undersdka hur algoritmen beter sig med avseende pé bland annat:

e Prioriteringen mellan olika tag vid konflikter och hanteringar av sena resp. tidiga
tag.

e Val av tagvégar, spér och plattformar och trafikteknisk ldmplighet.
e Representation av gangtider och dynamiken i trafiken.

e Berdkning och bedomning av omplaneringsforslagens effekter.

7.2 Planerat genomférande

I utvérderingen, med avseende pd de aspekter som nidmnts, planerade vi att tillimpa
algoritmen 1 dess olika utféranden pd en mingd simulerade storningsscenarier och
fallstudier samt analysera dess beteende baserat pa;

(1) De rekommendationer och riktlinjer som ges av relevant dokumentation frén
Trafikverket.

(i) Analyser av trafikutfallet via Opera-data samt systematiska observationer via
Trafikbilder.

(ii1) Diskussioner med Trafikverket och da i synnerhet med personer som arbetar med,
eller tidigare har arbetat med, tagtrafikledning och dd med fo6rdel pd Sodra
Stambanan.

En viktig del av utvecklingsarbetet dr naturligtvis att utvirdera om algoritmerna resulterar i
relevanta 16sningar och hur gréanssnittet 1 tid och mot andra bandelar én de modellerade
paverkar. Darfor vore det Onskvirt att dven utféra ndgon typ av driftndra off-line
utvirdering. Ett forsta steg (1) 1 en sddan vore att dterskapa en trafiksituation dér avvikelser
forekommer samt omplanera denna trafiksituation “off-line” med hjilp av algoritmen och
jamfora utfallet 1 praktiken. I ett andra steg (2) Onskar vi att i1 realtid fa tillgang till
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realtidsdata och “vid sidan om” den ordinarie trafikledningen ldta algoritmen iterativt
revidera tidtabellen och ge omplaneringsforslag.

For att kunna aterskapa hur tagtrafiken gick pd en avgrdnsad del av jarnvégsnitet under ett
visst tidsintervall finns det i huvudsak tvé alternativa tillvigagangssitt dar alternativ A- ar
det vi har mgjlighet att genomfora med nuvarande tillgang till informationssystem.
Alternativ A- dr enormt arbetsintensivt och kriver mycket handpaldggning. Alternativ A+
ar det vi ser som ldmpligt for Steg 1 medan Alternativ B krévs for att genomfora Steg 2.

Alternativ A-
Den administrativa processen for att samla trafikdata foljer:

a) Filtrera en textfil som innehdaller hela tidtabellen (frdn TrainPlan) for det ar som
studeras (t ex T11) och sammanstill en lista som innehaller alla de tignummer som
har en planerad aktivitet under det tidsavsnitt och pa den bandel som utgor fokus (t
ex den 8 september 2011 kl 05:00-13:00 péd strickan Malmo-Norrkoping-
Katrineholm).

b) Sok manuellt ut i Opera for varje tdgnummer enligt ovan och givet datum de
passagetider som loggats. Passagetiderna anges i tva olika format — ett dér varje
TPOS/ATL som loggats visas och ett dir endast ankomst/avgéng for
stationer/trafikplatser visas. Ett tdgs tidtabell beskrivs i TrainPlan i princip pa
motsvarande detaljnivd som den enklare loggen fran Opera.

Eftersom vi 1 nuldget inte har ndgon "TPOS/ATL-karta”, dvs. en beskrivning over
hur resp. loggad TPOS ska “mappas” mot infrastrukturen samt den beskrivning vi
har av resp. tigs tidtabell s kan vi inte anvidnda den data (den utokade Opera-
loggen) som da skulle kunna ge information om vilka spar tidgen anvint.
Information om spéranvidndning fir vi istéllet bara ut delvis genom att i realtid
studera hur tadg gér via Trafikbilder (se Figur 10) samt Trafikinfo pa webben (se
Figur 11). Underlaget blir dock sédledes inte komplett och godstdgens tdgvigar ar
mycket svara att aterskapa.

% ShowPictures - Banverket Web Explorer
Font: es10x14 - Trafikbilder Inloggad: BAMVERKET krajohl
Objektidentitet: |Signaler - Behérighetsnivd: 2
Ange bildnamn:
Wisa
valj bild eller bildpaket: U F T71 FISKEBY
™ wisa detalier
-+ Malmé FISKEBYV
-+ Stockholm $3
Igntehurg
nge 21 81101 104 - 31
“Norvkdping
i e p— g ——g—F——p—
g T 72 4 2
51 0D0D53683 105+ 000536 61132 | «00053671 <
2 ot 2§ 5 — g ——————>—4
T3 ot " 102 103 4 '/ q 2 2
T4 ot iﬂa gg A KMS F1
Gl o UB 34 7 Al3
R1 _nrf
etaljbilder
-+ Stockholm

Figur 10. Screenshot av tagtrafiken kl 15.15 vid trafikplats Fiskeby soder om Norrkdping
och norr om Kimstad och Linkdping.
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Figur 11. Screnné:rriléhot av “Trafikinfo”-vyn dér trafikerat spar for tdg 536 endast anges pé de
trafikplatser dar taget har haft ett planerat uppehall.

Alternativ A+
Den administrativa processen for att samla trafikdata foljer:

1) For angiven stricka och tidsperiod s6k automatiskt ut samtliga tdgpassagetider
(TPOS/ATL) kopplat till resp. tignummer.

i1)) Matcha resp. TPOS/ATL till en plats i jarnvégsnitet baserat pd en numerisk alt.
grafisk "TPOS/ATL-karta”.

Alternativ B

I alternativ B krdvs ndgon form av stabil koppling mot TPOS/ATL-databank hos TrV som
dd ersdtter 1) ovan, sd att omplaneringsalgoritmerna iterativt fir nya passagetider och
diarmed kan uppdatera resp. tags aktuella position.

7.3 Genomfort arbete och resultat

Under projektets Fas 3 och Fas 4 forde vi diskussioner med NTL-projektet for att fa hjalp
med att mojliggéra och genomféra den praktiska utvdrderingen i olika steg, enligt
beskrivningen i foregdende kapitel. Det visade sig dock inte mojligt for Trafikverket att
under den tidsperioden tillhandahdlla den realtidsdata och koppling till
informationssystemen som utvédrderingen kriaver eftersom det skulle kridva speciallosningar
internt, mycket pga. t ex avsaknad av nuvarande exportmdjlighet fran olika applikationer.

Vi hade alltsd underskattat svarigheten och tidsatgédngen att skapa forutsittningar for och
’rigga” en dylik praktisk utvdrdering. Projektets tidsplan och leveransplan for Fas 4
fordrojdes darmed, vilket ledde till att Trafikverket fick en forfragan fran BTH 1 oktober
2012 om forldngning av projektet t.o.m. september 2013 och som beviljades. Arbetet under
2013 syftar darfor till att skapa goda forutsdttningar for att i ett senare skede utfora en
praktisk utvdrdering av projektets berdkningsmetoder. Saledes har projektet vid denna

31



www.bth.se/com/eot Slutrapport f6r EOT-projektet Version 1.0
Dnr: TRV 2010/29603 2012-11-29

tidpunkt (november 2012) inte kunnat leverera resultat fran en praktisk utvirdering och
ddrmed inte heller fullt ut kunnat anpassa berdkningsmetoderna i linje med de
rekommendationer som utvirderingen skulle visat. Vissa analyser med syfte att undersoka
potentiella problem och fragestdllningar som rimligtvis kommer att aktualiseras har dock
genomforts. Dessa analyser har baserats pa observationer via Trafikbilder och Opera samt
material frdin STEG-projektets arbete. En uppenbar fragestillning som &r viktig att beakta
men som inte gar att svara pa fullt ut i nuldget ar t ex pa vilken detaljnivd och med vilken
noggrannhet (i tid) som tdgen bor omplaneras och hur tagrorelser inne pa mer komplexa
stationer bor beskrivas och planeras. I tidtabellskonstruktionen planerar man ju inte i detalj
hur trafiken ska interagera pd stationerna, vilket dé leder till att det saknas tillforlitlig data
om hur alla tdg enligt plan ska trafikera stationerna.

Det ar ju de underliggande modellerna, vilka beskriver hur tagen far rora sig i ndtverket och
1 forhéllande till varandra, som ska sdkerstélla att omplaneringsforslagen ér trafiktekniskt
genomforbara. Det dr dock alltid en avvégning pé vilken detaljniva olika komponenter ska
beskrivas och projektet har studerat olika nivéer av detaljrikedom. Eftersom gangtiderna i
trafiken &r relativt approximativa finns det ingen podng i att planera trafiken pa sekundniva.
Déremot finns det ett behov av stérre noggrannhet ju nidrmare tiden for exekvering av
planen man kommer samt for mer komplexa stationer och knytpunkter. Man behdver ocksa
skilja pa 1) den beskrivning av trafiken man anvidnder nidr man soker efter
omplaneringsforslag och 2) den beskrivning man anvinder for att eventuellt detaljplanera,
lagga tdgvigar och sdkerstiller att den grovre planen frdn 1) haller. Hur dessa bada nivaer
bor samverka och effekten av detta ar svar att utreda och besluta om pé en generell niva
utan beror pd det specifika fallet och de krav anvéndaren stéller. Eftersom projektet har
fokuserat pd strickan Katrineholm-Norrkdping-Mjolby samt strickan Norrkdping-
Nykoping-Jirna sd har vi studerat Aby och Norrkdping i mer detalj (se Bilaga 3 for en mer
utforlig beskrivning av arbetet och resultat).

Nér det géller Norrkdpjng sa ar det en relativt komplex station, d&ven om det finns flera
mycket mer komplexa stationer i det svenska jarnvigsndtet. Komplexiteten uppstar pa
grund av de manga alternativa tdgvdgar som finns och som kan vara i konflikt med
varandra genom att tdgvéigar korsas, vissa stationsspar inte tillater samtidiga infarter och
utfarter mm, se Figur 12.
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Figur 12. Schematisk bild dver sparlayout for Norrkdpings jarnvagstation.

I vara experiment har vi primaért tillimpat en grov beskrivning av Norrkdping, dir vi anger
att stationen har 14 individuella spar, 2 infarter/utfarter fran bada hall och dér samtliga spér
ndr samtliga in- och utfarter. Sa ldnge tdgen inte anvdnder samma stationsspér eller
infart/utfart anses de inte vara i konflikt. Som det framgar av Figur 12 och Figur 13 finns
det ddrmed en risk att icke-samtidiga tagrorelser inplaneras felaktigt av grova modellen
pga. otillrackligt noggrannhet i problembeskrivningen. Problemet tydliggdrs i Figur 13 som
visar ett snitt av NorrkOpings station dir tagvigarna for tdg 500 och 49500 é&r i konflikt och
behover separeras i tid bade vid infart och ufart.

Conflictsin time and sub-routes separated in
entrance and exit times with 30 seconds

1A/1B
2A/2B
<«
g e y10, 39500
«ig“ - 590 5 D
500

8 uf*T* = 4405
\ ug™? = 560 s

Assigned routes given by micro model

Figur 13. Illustration over hur tdgvigarna for de tva fiktiva tdgen 500 och 49500 éar i
konflikt och behover separeras bade vid infart och ufart.
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Figur 14 illustrerar hur ankomst- och avgéngstiderna for fyra olika tdg - déribland 500 och
49500 fran exemplet ovan - dr planerade pa Norrkdping station enligt den grovre modellen
(dvs. ”"macro model”) medan en mer detaljrik modell ("micro model”) sirskiljer
tagrorelserna utifrdn makromodellens beslut om tdgordning, sparval mm sa att planen blir
trafiktekniskt genomforbar. Tagvédgarna atskiljs inte tillrdckligt av enbart makromodellen
utan behover justeras lite ytterligare av mikromodellen, vilket framgar av figuren.

. dy = 180
Given by dy = 60
macro madel Ay =1
u.[_?tﬂ?‘t > x?mrt,ViE Trains dy =120 500
%5797 = 4205 %" =540
2140
tart _
&R =S ok 49500
519 XU L 4105 x5 = 600 s
xFTL B s ¥ =1355
Time min 0} I I I I I T=10
1 2 3 4 5 6 7 8 9 i
w9t =755 Solved with
519 uf=135s micro model gt = 4105 ug™t =590
uimrt —6Ds uf_”d =240 5 49500
2140 e ug™ = 560 5
500

Figur 14. Schemaldggning av tagrorelser pa NorrkOpings jarnvégstation i tva olika steg — pa
makroniva och mikroniva.

Sannolikt dr detta sdtt — att dela upp problemet 1 tvd olika nivder — ldmpligaste for storre
och mer komplexa stationer medan t ex Aby ir tillrickligligt liten for att beskrivas fullt ut i
makromodellen. Den typen av mikromodell som utvecklats for och tillimpats pa
Norrkdping kréver dock att alla relevanta tdgviagar och deras beroenden finns vél beskrivet.
I projektet har vi inte haft tillgdng till denna typ av data utan kartliggningen och
beskrivningen av stationen har varit manuell och mycket arbetsintensiv.

Diskussionen ovan avser hur man sékerstiller huruvida ett forslag ar trafiktekniskt tillatet
eller inte. Det finns dven en grdzon for vad som &r ldmpligt eller e¢j. Som exempel kan
ndmnas att det kan betraktas som oldmpligt att byta spar/plattform for vissa pendeltag av
olika skél och i1 synnerhet om det sker nidra avgangstiden. Det kan rora sig om anslutningar
till andra tdg och bussar men ocksa att det bor undvikas for att inte skapa forvirring bland
de pendlare som per automatik stiger pd tdget som star pa en viss plattform vid en viss
tidpunkt varje vardagsmorgon av ren vana.

Huruvida ett forslag dar lampligt eller inte beror ju dven péd vilka antaganden fOrslaget

bygger pd sdsom géingtidsinformationen och dess tillforlitlighet, hur “sndva” t ex
forbigdngar och motena ar planerade och tagens faktiska forméga att accelerera och
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faktiska uppehallstider for resandeutbyten mm. En alltfor optimistisk plan bor rimligtvis
undvikas om det finns alternativa, mer robusta forslag.

Just egenskapen “robusthet” eller stabilitet” (dvs. forslagen &r relevanta dven om t ex
tagens gangtid adr nagot langre 4n planerat) dr en av de egenskaper vi tror kan vara viktig att
studera och beakta. Det finns givetvis en mingd andra viktiga egenskaper och effekter av
ett omplaneringsforslag som bor métas vid en eventuell ranking av alternativa forslag.
Idealiskt vore om de olika malen och motsvarande effektmatt med omplaneringen skulle
vara korrelerade sa att om man optimerar mot det ena forbittras dven Ovriga, eller de
forsdmras &tminstone inte. Det &r dock ett vdlkint faktum att det ibland uppstér konflikter
mellan de olika mélen. Det kan vara bittre att merforsena ett redan forsenat tdg och
prioritera réttidiga tig i ett fall medan i en annan situation kan det vara béttre att bara fa flyt
i trafiken och fi fram tdgen dven om det blir vissa foljdforseningar pa flera tag. Eftersom
Trafikverket méter och redovisar punklighet i form av andelen tdg som anlédnder till
slutstation med en forsening pd maximal 5 minuter dvs. rittidighet, s dr det rimligtvis ett
av de métt som bor anvdndas. Samtidigt har Trafikverket under 2012 infort kvalitetsavgifter
vilka skulle kunna utgdéra nagon form av underlag for beddmning av effekterna av olika
prioriteringsalternativ. Det &r sdledes inte helt uppenbart hur alternativa
omplaneringsforslag bor bedomas och rankas.

I Figur 15 nedan illustreras hur tva fiktiva alternativa forslag forhaller sig till varandra
beroende pd olika matt. Som framgér av illustrationen s& medfoér omplaneringsforslaget
som representeras av den bla, streckade linjen en béttre rittidighet med farre forsenade tag
och brustna anslutningar medan det ger upphov till en totalt storre forsening for
trafiksystemet och de tdg som forsenas blir kraftigt forsenade.

Antal férsenad tdg (+5 minuter)

E

Robusthet/Stabilitet

Antalet mlssade anslutningar

r E

Total férsening {(mInuter)

Rattidighet (%)

Stérsta individuella forsening (minuter)
Figur 15. Illustration over hur alternativa forslag kan virderas och jaimforas.
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Med detta som utgangspunkt initierades ett examensarbete vid BTH som utférdes under
2011 av tva icke-svensktalande magisterstudenter. Syftet med arbetet var att undersdka och
analysera vilka malfunktioner och matt som andra forskare inom detta omrade har anvént
och hur dessa kan anvindas for svenska forhallanden. Arbetet, se (Kumar Karthikeyan och
Kumar Mani, 2012) resulterade huvudsakligen i en kartlaggning av relaterad forskning och
hur olika métt och malfunktioner anvinds i1 andra l&nder och av andra forskare.

I flera av vara experiment har vi beréknat effekterna av alternativa forslag och studerat hur
alternativen strukturellt skiljer sig at. Nedan ges ett exempel for scenario 20 och i Tabell 5
anges fyra alternativa forslag och vilka tdg som fGrsenas i resp. forslag och hur mycket. I
Tabell 6 har vi berdknat de métt som giller for resp. forslag. Baserat pd den primira
maélfunktion vi anvént for algoritmen samt 1 modellen till CPLEX sa dr det fjarde forslaget
(frain CPLEX) mest optimalt men om vi utgar fran réttidighet s& ar det tredje forslaget att
foredra. Hur en bedomning och virdering av alternativa forslag skulle gé till 1 praktiken ar
mer komplicerat 4n s& men detta dr en utgdngspunkt for vidare diskussioner och
konkretisering.

Alternativaforslag fr. den | Cplex
T&g | sekventiellaalgoritmen* |12.2, 24h
Forsening for resp. tag (minuter)
237 19 19 19 15
80866 3 3 3 3
242 29 29 24 40
538 12 12 12 11
539 28 28 28 13
540 20 20 16 32
5629 2 2
8313 30 30
8762 9 9 9 8
8764 25 15 15 14
8766 0 0 0 6
8767 11 11 11 11
8768 32 32 28 48
8769 9 9 9 9
8770 52 52 32 34
8771 34 34 34 19
8773 29 29 29 14
8841
8854 0 3 0 0
42702 49 49 50 35

Tabell 5. *Avser den forbattrade sekventiella algoritmen, se kap.6.7.
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MAtt Alter nativa for slag fr. den sek ventiellaalgoritmen Cplex 12.2,
1 2 3 24h
Rattidighet (totalt 48 tag) 68,8 68,8 70,8 68,8
Total forsening (min) 396 389 322 315
Total forsening +5min (min) 388 378 315 309
Max for sening +5min (min) 52 52 50 48
Medel for sening +5min (min) 26 25 22 21
Minimi for sening +5min (min) 9 9 9 6
Antal for senade tdg (+5min) 15 15 14 15
Antal for senade tdg (+15min) 11 10 9 6

Tabell 6. *Avser den forbéttrade sekventiella algoritmen, se kap.6.7.

8 Diskussion och fortsatt arbete

Resultaten frdn projekten har visat pd potentialen att stddja trafikledarnas arbete och
komplettera arbetet som utfors inom ramen for STEG, NTL och de projekt som Uppsala
Universitet utfor. Eftersom algoritmerna dnnu inte testats i samverkan med framtida
anvindare och system sa dr det dock mycket arbete som &terstdr med att planera for och
genomfora en forsta praktisk utvirdering. I fortsdttningen av EOT, som vi bendmner
FLOAT, avser vi ta detta nésta steg och dd delvis genom att utfora fallstudier och
experiment 1 samrdd med bl.a. personer som arbetat med dessa fragor i testerna av
STEG/CATO pé Malmbanan samt med personer verksamma inom NTL-projektet. Dessa
personers roll i FLOAT &r mycket viktiga eftersom val av testmiljé och plan for
genomforande av den praktiska utvirderingen dr en nyckelfraga.

Berdkningsmetoderna ska foljaktligen ocksé vidareutvecklas och anpassas iterativt i linje
med de resultat och rekommendationer som sivdl den praktiska som den teoretiska
utvdrderingen leder fram till. Arbetet inom FLOAT skulle kunna delas upp i fyra olika
delar:

A. Kartldggning av behov och omgivning
Denna del utfors i samverkan med framfor allt personer som arbetet i STEG-projektet.
Centrala fragor ar bl. a:

e [ vilka huvudsakliga typer av situationer och driftstorningar finns det ett behov av
berdkningsstod?

e Hur bor interaktionen med trafikledarna och omgivande stod- och
informationsystem se ut?

e Vilka frihetsgrader ska berdkningsstodet ha vid framtagandet av forslag pa
omplaneringsldsningar och hur bor detta handlingsutrymme definieras?
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e Hur bor man vérdera alternativa omplaneringslosningars genomforbarhet och
lamplighet samt kommunicera denna bedomning till trafikledarna?

B. Planering och genomforande av praktisk utvirdering samt demonstration

Denna del syftar till att kartligga hur vi skapar de forutsdttningar som kridvs for
framgangsrikt kunna rigga” en praktisk utvirdering i1 driftndra miljé (“offline” men 1
realtid). Arbetet har en planeringsfas som innefattar att skapa en utvirderingsgrupp dér
medarbetare fran huvudsakligen Trafikverket och BTH har en tydlig och aktiv roll, att
diskutera vad som &r en rimlig teststricka, specificera vad som bor utvirderas, nédr och pa
vilket sdtt. Nar planen for utvirderingen dr gjord och projektet sékerstéllt att denna gar att
genomfora sa utfors den och resultaten foljs upp.

C. Iterativ metodutveckling och teoretisk utvirdering

Denna del syftar till att vidareutveckla och forbittra berdkninsgmetoderna iterativt och i
linje med de resultat och rekommendationer som arbetet i del A) och sévél den praktiska
som den teoretiska utvédrderingen leder fram till. Metodutvecklingen sker internt pd BTH
som da sdkerstdller tillgang till relevant mjuk- och hardvara for detta arbete.

D. Dokumentering, avrapportering och spridning av resultat

En betydande del av projektet handlar om att dokumentera och presentera hur arbetet 16per,
vilka resultat och slutsatser projektet nar fram till och sédkerstéller att delleveranser sker till
uppdragsgivaren enligt avtal.

En betydande del av arbetet bor ske i samverkan med omgivande projekt och potentiella
anvindare. De studier som genomforts inom projekten FTTS/STEG av Uppsala Universitet
ddr man undersokt vilka former av beslutstod som trafikledarna i olika situationer och

sammanhang har behov av kommer att ligga en grund {for det arbete som ska utforas inom
del A) beskrivet ovan.

Medverkan av personer med erfarenhet frain STEG/CATO/ NTL-projekten skulle ocksa
framja arbetet 1 del B), dvs. i planeringen och utférandet av den praktiska utviarderingen
samt i del C) for att diskutera omgivningen ur ett framtida perspektiv, vilka krav man
stéller pd berdkningstid, visuellt stdd, mm.

Eftersom Trafikverkets arbete i ON-TIME-projektet ocksd avser demonstration och
utvdrdering av snarlika stodfunktioner s& skulle FLOAT —projektet kunna stodja och
stodjas av detta arbete i den mén det ar l[ampligt.

9 Spridning av projektresultat

Projektet har presenterats vid ett flertal publika tillfillen under 2010-2012 déribland vid:

e Transportforum 2011 och 2012
e SOAFs jarnvigsseminarium i Stockholm (April 2011)
e Logistikklusterméte i Karlshamn med Trafikutskottets Anders Ygeman (Maj 2011).
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e Konferensen MT-ITS2011 i Leuven, Belgien (Juni 2011).
e Projektmote med NTL-projektet i Goéteborg (Oktober 2011).
e INFORMS Annual Conference i Charlotte, USA, (November 2011).

e Konferensen MCC-2011 (4th Swedish Workshop on Multicore Computing) i
Linkdping (November 2011).

e Konferensen ICORES i Vilamoura, Portugal (Februari 2012).

e Forskningsseminarium om meta-heuristiker i Aalborg, Danmark (Februari 2012).
e Forskningsseminarium arrangerat av BTH under Almedalsveckan (Juli 2012)

e Konferensen Comprail 1 England (September 2012)

e Forskningsseminarium samt projektpresentation for ARRIVA i Norrkdping (Oktober,
November 2012)

e Utbildningsutskottets frukostméte 1 Riksdagen, Stockholm (November 2012)

Resultat fran projektet har ocksa publicerats i1 foljande artiklar och rapporter:

J. Tornquist Krasemann (2012), “Design of an effective algorithm for fast response to the
re-scheduling of railway traffic during disturbances”, Transportation Research Part C 20
(2012) pp. 62-78.

H. Grahn and J. Térnquist Krasemann, “A Parallel Re-Scheduling Algorithm for Railway
Traffic Disturbance Management --- Initial Results”, Proc. of the 2nd Int'| Conference on
Models and Technologies for Intelligent Transportation Systems (MT-ITS2011), June
2011, Leuven, Belgium.

A. Kumar Karthikeyan, P. Kumar Mani, Visual and Analytical Support for Real-time
Evaluation of Railway Traffic Re-scheduling Alter natives During Disturbances, Master
thesis, Blekinge Tekniska Hogskola, Januari 2012.

S.M.Z. Igbal, H. Grahn, and J. Térnquist Krasemann (2011), “A Parallel DFS Algorithm
for Train Re-scheduling During Traffic Disturbances --- Early Results”, Proc. of the 4th
Swedish wor kshop on Multicore Computing (MCC-11), pp. 115--120, November 2011,
Link&ping, Sweden.

S.M.Z. Igbal, H. Grahn, J. Tornquist Krasemann (2012), “A parallel heuristic for fast train
dispatching during railway traffic disturbances: Early results”, Proceedings of ICORES
pp.405-414, Feb. 2012.

S.M.Z. Igbal, H. Grahn, J. Térnquist Krasemann (2012), “A comparative evaluation of re-

scheduling strategies for train dispatching during disturbances”, Proceedings of
COMPRAIL 2012, Wessex Institute of Technology, UK, pp. 567-579, Sept.2012.

10 Ekonomisk redovisning

Den ekonomiska redovisningen finns i Bilaga 4.
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Artid_e history: An attractive and sustainable railway traffic system is characterized by having a high secu-
Received 24 September 2009 rity, high accessibility, high energy performance and offering reliable services with suffi-
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cient punctuality. At the same time, the network is to be utilized to a large extent in a
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cost-effective way. This requires a continuous balance between maintaining a high utiliza-
tion and sufficiently high robustness to minimize the sensitivity to disturbances. The
occurrence of some disturbances can be prevented to some extent but the occurrence of

Il:}i/lvvl:/z:;ist:rafﬁc unpredictable events are unavoidable and their consequences then need to be analyzed,
Scheduling minimized and communicated to the affected users. Valuable information necessary to
Timetabling perform a complete consequence analysis of a disturbance and the re-scheduling is how-
Slot allocation ever not always available for the traffic managers. With current conditions, it is also not
Disturbance management always possible for the traffic managers to take this information into account since he or
Optimization she needs to act fast without any decision-support assisting in computing an effective

re-scheduling solution. In previous research we have designed an optimization-based
approach for re-scheduling which seems promising. However, for certain scenarios it is dif-
ficult to find good solutions within seconds. Therefore, we have developed a greedy algo-
rithm which effectively delivers good solutions within the permitted time as a complement
to the previous approach. To quickly retrieve a feasible solution the algorithm performs a
depth-first search using an evaluation function to prioritise when conflicts arise and then
branches according to a set of criteria.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Freight as well as public transportation is a large and important part of our economy and daily life, and railway transpor-
tation has a significant share. As an effect of the increasing environmental awareness and desire to decrease emissions, noise
pollution and accidents, political aims of increasing the market share of railway freight transportation have been stated, see
e.g. (European Commission, 2001). However, in line with the increasing traffic flow and density, the railway networks are
facing difficulties with congestion and insufficient reliability. The railway traffic networks in several European countries
and regions are partly oversaturated, highly sensitive to even small disturbances and have low average punctuality (Jansson
and Jonsson, 2003). For instance, some parts of the Swedish railway network have such a high capacity usage that even a
minor incident can propagate and cause large disturbances. During the two most traffic-intensive hours per day, 34% of
the entire Swedish railway network is considered saturated (capacity utility of 81-100%) with a low average speed and high
sensitivity to disturbances (Banverket, 2009). Statistics shows that 31% of the reported delays in the Swedish network during
2006 were knock-on delays. Furthermore, recent statistics from the UIRR (the International Union of combined Road-Rail
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Fig. 1. The growth of the Swedish railway traffic volumes and accumulated delay between year 2002 and 2008 (2002 has index 100). Source: (Banverket,
2005-2009).

transport companies) also show that 41% of the cargo trains in the analysed major freight transport corridors arrived 30 min
later than scheduled, or more (UIRR, 2008) (see Fig. 1).

The reduction of accumulated delay during 2008 is composed of a delay reduction for the freight traffic from 65,829 h in
2007 to 61,181 h while the delay instead increased for the passenger traffic from 26,377 h to 28,312 h. The corresponding
numbers for 2009 are 57,601 and 31,002 h of delay (Banverket, 2009). During 2008 and 2009, several measures have been
taken to prevent disturbances from occurring in the first place rather than improving the strategies to limit knock-on delays.

In order for the railway to become and remain an attractive means of transportation, the occurrence of disturbances
needs to be limited as well as the consequences of the disturbances that do occur. While the most straightforward way
to decrease the effects of disturbances would be to eliminate the risk of primary disturbances arising, it is simply not feasible.
Some of the causes can be predicted and prevented from happening, while others cannot. Therefore the ability to deal with
the disturbances that do occur can be argued to be as important as eliminating potential causes of primary disturbances. This
paper focuses on how to handle disturbances in railway traffic by effective re-scheduling rather than limiting the occurrence
of primary disturbances (i.e. initial disturbances).

We will present previous results from a research project at Trafikverket (formerly named Banverket, the Swedish Rail
Administration) where focus is on the design of an algorithm for re-scheduling the traffic during or after a disturbance.
The driving force is to achieve sufficiently good solutions within a short time. The performance of the algorithm has been
evaluated for different types of disturbances in simulated experiments. The simulation experiments have been carried out
on one of the densest and central parts of the Swedish railway traffic network and have been based on real data provided
by Trafikverket.

2. Railway traffic disturbance management

In this paper, a disturbance is considered to be a situation where the master schedule, or established timetable, has be-
come invalid because one train (or several) is deviating from its schedule and the prerequisites consequently change. The
event triggering a disturbance could be a signal malfunction on a track section which temporarily decreases the maximum
allowed speed and causes the trains to have an increased running time on that section. It could also be e.g. a no-show of staff
resulting in a delayed train departure, or reduced speed of a train set due to partial engine failure or an unannounced in-
crease in train set length and weight, etc.

Handling a disturbance in a railway network and re-scheduling the traffic is typically handled manually by traffic man-
agers that only have very limited access to support systems to make use of relevant information, analyze the consequences of
the disturbance as well as the effects of their decision-making. This limitation hampers the possibilities to achieve system-
optimal decision-making and to provide the stakeholders (e.g. train operators, cargo owners, commuters) with reliable prog-
noses about the situation. The time available for decision-making and consequence analysis is also limited and depends on
the situation. The aim is thus to find robust and sufficiently good solutions within reasonable time. For illustrative purposes,
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let us consider the small-scale example of re-scheduling the traffic in Fig. 2. It shows a graph of the planned railway traffic
(train 101, 102 and 103) on the single-tracked line between the stations Enstaberg and Aby with several intermediate sta-
tions, and where the time is on the y-axis. The trains belong to three different private transport companies; 101 is a heavy
block train, 102 is a long-distance high-speed passenger train while 103 is an express cargo train. Shortly before train 101
leaves Alberga for Kolmarden the track section suffers from a signalling problem (indicated by the thick line below the sec-
tion) which decreases the maximum speed to 70 km/h. Thus, all trains passing through get an increased running time of
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Fig. 2. The initial schedule of the railway traffic and the consequential change of arrival times when a signaling problem occurs generating a revised
schedule (indicated by the dotted lines) with two conflicts which need to be resolved into a conflict-free revised schedule.
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Fig. 3. Two alternative solutions to the disturbance problem illustrated in Fig. 2.
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15 min and the revised timetable for each train (the dotted lines) is thus postponed 15 min each. This results in conflicts
when the paths of the trains cross on the single-tracked line between stations, and that is forbidden due to safety restric-
tions. When and how the trains now should meet in order to resolve the conflicts need to be decided by the traffic managers.
One policy could be to let the first train that can enter a section be given priority to that section, i.e. First Come, First Served
(FCFS) while another could be for example to give highest priority to all long-distance trains.

In Fig. 3, two solutions are illustrated. In the first solution, train 102 and 101 meet at Geta (as in the initial timetable) but
that forces train 102 to wait a long time at the station and since the train is a long-distance high-speed train, the correspond-
ing operator does not accept that it will be delayed that much in favour of a cargo train. Instead, the operator wants the traf-
fic manager to arrange for the trains to meet in Kolmdrden, thereby reducing the waiting time for 102 at Geta significantly.
When the traffic manager considers that alternative he discovers that in the end, the waiting time for train 102 over all sta-
tions will be the same in both solutions, while in the second solution train 101 will get an additional delay. So, at first it
seems like train 102 is disfavoured by the first solution while that solution turns out to be the best one. The initial and up-
dated ETA (Estimated Time of Arrival) for each train is given in Fig. 3.

The small example illustrated by Figs. 2 and 3 describes how difficult it is to achieve robust re-scheduling solutions and to
communicate the motivation behind each decision to the operators so that they understand the benefits of co-operating and
following the plans made by the traffic managers. Today, the safe strategy is often to keep the important trains rolling and
prioritize them to reduce the risk of them becoming further delayed, but it does not always mean that it is the best solution.

3. Related work

The research analyzing effects of disturbances in railway traffic and approaches for disturbance management is extensive.
Some studies focus on the primary (i.e. initial) reasons behind the disturbances and preventive counter measures, others fo-
cus on the approximation of disturbance propagation effects, while some address the topic of this paper, i.e. approaches for
scheduling and re-scheduling railway traffic. Surveys by Assad (1980), Cordeau et al. (1998) and Térnquist (2005) provide an
extensive overview of these. More recent re-scheduling approaches are presented by Zhou and Zhong (2007), who propose a
branch-and-bound algorithm for railway traffic timetabling in a single-tracked network, and D’Ariano et al. (2007, 2009),
who present an iterative algorithm that in real-time resolves conflicts in a pertubated railway traffic timetable. Since the
approach suggested by Zhou and Zhong (2007) is developed for a single-tracked network it is not applicable for the problem
setting we are facing in Sweden where certain lines have up to four parallel and bi-directional tracks. Furthermore, the ap-
proach suggested by D’Ariano et al. is applied to a network where the tracks on the double-tracked lines are devoted to traffic
in one special direction (i.e. one track in each direction), while the Swedish double-tracked lines can be used by two trains in
the same direction and run in parallel. If and how their approach could be extended to fit the setting this paper deals with, is
not clarified in their paper. Another important aspect of the disturbance management problem, which is not explicitly ad-
dressed by the previous approaches, is the synchronization of the train services which is a major issue in public transpor-
tation; see e.g. Schobel (2009).

Depending on the focus, the models used to describe the scheduling and re-scheduling problem differ and have different
levels of detail. Radtke (2008) and Gely et al. (2008) distinguish between the different levels of detail in the infrastructure
models used for railway traffic network representation, where macroscopic models contain least details and have a more
aggregated representation of some resources (e.g. a station is composed of a number of parallel tracks with one platform
each), while microscopic includes a lot more detail (e.g. a station is composed of a complex set-up of pieces of tracks sep-
arated by switches and signals). When to use which level of detail is not obvious but often decided based on time available
for computations and access to input data with sufficient accuracy. The more details included in the model, the more data
and computations required and for a real-time scheduling problem there may not be enough time available to collect and
process data and to compute the many alternatives that arise as the network is divided into more fine-grained resources.
Most re-scheduling approaches do not use a very detailed representation of the station routings as it easily becomes rather
complex, see e.g. Kroon et al. (1997) and Billionnet (2003)). For further information on models and methods for railway traf-
fic scheduling and re-scheduling, we refer to Jacobs (2008) and Kroon et al. (2008).

In our previous research, primarily outlined in Térnquist and Persson (2007) and Tornquist (2007), we have designed an
optimization-based approach for re-scheduling which seems promising. However, for some disturbance scenarios and a time
horizon longer than 60 min it is difficult to find good solutions within seconds. Consequently, the MILP needs to be comple-
mented by a mechanism that independent of disturbance scenario provides a feasible, good-enough solution fast.

Furthermore, the developed MILP formulation and solution method was not initially intended to consider the explicit
routing of trains within stations since for most stations the choice of platforms and the routing is straightforward and the
dependencies between different routes are more or less negligible. However, our most recent analysis of the infrastructure
and train dependencies has indicated that it may be necessary to include more detailed characteristics of the infrastructure
in the problem formulation. For example, some stations in the network have a more complex structure because they serve as
a junction point for different lines (e.g. Aby). Furthermore, some stations (e.g. Strangsjo) have a more complicated safety sys-
tem which requires different minimum separation times (from zero to 90 s) between the trains, depending on the sequence
of incoming and outgoing trains and which path they take through the station. When the traffic is dense, such as during rush
hour, these details have a significant impact even if it may not be clear yet exactly how. Hence, we need to extend our pre-
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vious model which will result in an increased number of constraints and variables and consequently the computation time
required to solve the problem. For those two reasons, we have developed a greedy algorithm which effectively delivers good
solutions within the permitted time as a complement to the previous approach. To quickly retrieve a feasible solution the
algorithm performs a depth-first search using an evaluation function to prioritize when conflicts arise and then branches
according to a set of criteria.

4. The greedy algorithm

As mentioned, the main motivation for developing an algorithm is to ensure that we quickly (within 30 s) can receive a
good-enough feasible solution independent of type of disturbance scenario. Furthermore, to use a tailored scheduling algo-
rithm, in contrast to formulating the problem as a formal optimization model and using commercial solution software, is
more flexible and dynamic in supporting the implementation of extended modelling requirements as discussed in Section 3.
A disadvantage may, on the other hand, be risking not retrieving the most beneficial solutions.

The problem formulation used here is following the same structure as the one presented in Térnquist and Persson (2007),
which divides the railway network resources into sections, where a section is either a line section or a station section. Each
section has one to n parallel tracks. Each line section is a sequence of one or several consecutive blocks although these
are not explicitly modelled but indicate that trains running in the same direction can use the tracks of a section simulta-
neously as long as they are separated by sufficient headway (i.e. not occupying the same block). Each section and track al-
lows bi-directional traffic. See illustration in Fig. 4 below.

We denote a train slot, i.e. when a train is planned to occupy a certain section, as an event so that the timetable of a train i
is a sequence of consecutive events, i.e. an event list K;. Each event k has in its simplest form the parameters b;""" and e to
indicate its planned begin and end time, d, to specify the minimum occupation time and hy, to specify if the train has a stop
planned thus forcing the train to not leave a station before its planned end time. For trains which occupy the same track t
within a station section j, a minimum of 4; time units separation time is required. We have used 30 s in our experiments.
Trains running in the same direction and occupying the same track of a line section with more than one block are required
to be separated by a minimum headway, H, of 3 min. Trains running in the opposite direction, or using the same track of a
line section with only one block, need to be separated by zero time units, i.e. the first train needs to leave before the other
one enters the section. If one line section j is directly followed by another line section, the trains cannot switch tracks unless
it is explicitly stated to be permitted (in our scenarios, the infrastructure does not permit changing tracks between two con-
secutive line sections). In the case of two or more consecutive line sections, the time separation must be larger than zero to
ensure that trains in opposite direction do not ‘meet’ between any two consecutive line sections. The separation time is then
instead a very small number, e.g. 1 second. See constraint (D.12)-(D.20) in Appendix D. The constraints are only relevant to
consider when two trains in opposite direction interact at any of these line sections.

The greedy algorithm iteratively searches for the best of all waiting train events to execute next and builds up a tree, re-
ferred to as DT, of consecutive active or terminated (the event has ended and the train has left the assigned track) events
which become nodes in the tree. Each node holds an estimation of the disturbance consequences for the solution so far
(a lower bound, LB).

The algorithm has three phases. Phase 1 is the pre-processing phase while Phase 2 is a depth-first search to quickly find a
feasible and good-enough solution by building up a first complete branch of the tree. During Phase 3, the algorithm uses the
remaining permitted computation time to improve the existing solution by backtracking to potential nodes (where the cost
estimation is decreased) in the existing tree and branches to find better solutions. See Appendix A and Figs. 5a, 5b and 5c) for
an outline of the algorithm.

In Phase 1, the algorithm first activates the events that were already started when the disturbance occurred and it allo-
cates a start time and a track as initially intended. These events correspond to the green nodes in Fig. 5a) below.

The first waiting event in each train’s event list is then put into a candidate list, NC, sorted after the maximum value of the
minimum starting time of each event k, b"™ and its planned starting time, b{""". d, refers to the minimum running time for
event k.

Track 1 Track 1
Track 1 - :: - o - e Track 1
° ] ° < =
Track 2 g g g g Track 2
o o =~ o - o -
Track 3
[ :
Track 2 Track 2
Station Line Line Station
section A section I section II section B

Fig. 4. The network model.
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Fig. 5a. Illustration of the algorithmic procedure in Phase 1 and the start-up of Phase 2. The sequence of three green circles (i.e. nodes Ny to N>) and the first
red circle N3 represents the start of the decision tree (DT). (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 5b. Illustration of Phase 2. A conflict of interest between foremost event D4 and B4 is discovered and the consequences of the two alternatives are
computed and it shows that D4 should have priority.

In each iteration to select the next event in the candidate list to activate, the candidate with the earliest possible start
time, by, is then evaluated first (i.e. event A2 in Fig. 5a). In the evaluation process, the algorithm first checks whether there
is any available track, and if the optimal track, t' is free - from the perspective of the event - it is selected. For example, let us
assume that train A has a planned stop at track 1 on Section 2 to let passengers off and consequently this track is selected if
possible. However, if necessary train A may go to track 2 or 3 just as well.

If the analysis shows that there are tracks possible to use but they are all occupied, the train will have to wait until next
round and the algorithm continues to evaluate the next candidate in the list.

If there are no tracks available for other reasons, the train which the event belongs to is considered being deadlocked. That
is, if the tracks are;
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Fig. 6. The railway (sub-)network used for the scenarios and corresponding experiments. Between Alberga and Kolmérden as well as between Aby and
Norrkoping, there are two consecutive line sections and with no interconnection between the parallel tracks on the double-tracked sections. The fast
passenger trains to/from Stockholm run via Katrineholm and Flen and the slower passenger trains run via Nykoping.

(i) physically impossible to reach, or
(ii) blocked, or

(iii) already used in a neighbouring child node (only relevant in Phase 3).

The search for next event to be activated is then interrupted in favour of backtracking to resolve the deadlock.

If there is an available track selected, a deadlock analysis is performed as well as a conflict of interest analysis. The dead-
lock analysis checks;

(i) whether there are any additional unoccupied tracks on the same section and if not,

(ii) whether the train has any way out of its potential new location if assigned the selected track. The analysis distin-
guishes between where the other trains are going in relation to that specific train. That is, a track occupied by a train
running in the same direction is considered a possible way out.
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If the investigated candidate event, k, is scheduled at line section j and this section has only one track which is functioning
(i.e. it can be a single-tracked line section or a double-tracked line section where one of the tracks is blocked) the occurrence
of possible conflicts of interest is investigated. This is done by checking if there are any events k’ also scheduled at section j
and who has an earliest possible start time which is smaller than the predicted termination time for event k. That is;

;?in > ;;nin and E)in < dk + bzﬁn

If a possible conflict of interest between two or more events is discovered, the cost (i.e. the consequential additional de-
lay) for the conflict alternatives is computed. That is, let train D in Fig. 5b) be the current evaluated candidate event. If train D
is to be allocated a track before train B, it may mean that train B becomes delayed and the net minimum expected cost increase,
V(, is computed taking into account relevant buffer times and current delays. If the value is positive, it indicates that train B
short term would suffer more than train D would gain and that prioritizing train B potentially would be wiser. Below is an
example:

V¥ is the predicted resulting delay for event k (event D4 in the example) if it has to wait in favour of event k', while v
is the reversed and takes into account that event k'’ may be delayed already. We know that by < by, and if
(b + di) < b we let

VC = 0. If not, we compute:

VC* = max(0, (b7 + dy)) — max (bkmin7 b;‘:litial)
V(¥ = max (O, (bkmi“ +di— b;?iti“'>) — max (0., (b}j‘i“ - b;;’,‘"“'“l>)
VC = max(0, (VC*-vcky)

In the example, event D4 is able to start before B4 and would become at least 3 min delayed if B4 was to be prioritized, while
the reversed situation would cause B4 a delay of only one minute. Therefore, D4 is prioritized. Consecutive effects on a third
train are, however, not considered in the analysis.

When the best candidate in the candidate list has been chosen it is activated and allocated a track and a start time in line
with the traffic conditions. The previous active event of the same train (if it has one) is at the same time closed (i.e. termi-
nated) and its allocated resource hence released. That is, when D4 is activated, D5 is terminated and the corresponding track
is denoted available.

The new active event is also put as a node onto the tree and the parent node keeps in memory that it has had this par-
ticular event allocated to the actual track as a child node. A cost estimation of the solution so far is then computed by sum-
ming up the minimum expected delay for each train. That is, the delay so far experienced by each train minus any future
buffer available.

When all events have been terminated and stored as nodes in the tree, the first complete solution is found and stored with
the corresponding cost for it (the sum of the final delay of all trains reaching their destination within the problem definition).
The algorithm enters Phase 3 and uses the remaining computation time to expand the tree by backtracking to a node with a
cost estimate which is lower than the value for the best complete solution. See example in Fig. 5c). Note that the backtrack-
ing can never go further back than to the last node of the ones activated during Phase 1 (i.e. the green nodes No-N; can not be
revoked). The execution of the nodes below the branching node are reversed, the branching node index is saved and the
search continues as before until the algorithm reaches a feasible, improved complete solution, or stops and backtracks
one node up again if it encounters a complete or incomplete solution with the same or worse value than the best one found.
In order to avoid cycling and repeating to do the same move over and over again, any parent node can only have one specific
event allocated to a certain track as a child one time. If the same event is allocated a different track, it is considered to be a
different child node.

In the deadlock analysis, the algorithm backtracks and reverses the most recent event of the deadlocked train. If this
also leads to that this train becomes deadlocked, the algorithm backtracks one node higher than the previous
backtracking.

The application of this algorithm has been implemented in Java using a vector to store the tree (i.e. only the active branch
is stored along with the best solution found and other necessary data).

5. Simulation study Set-up

In discussion with Trafikverket, we have chosen to focus on the Norrkdping traffic district in our study (see Fig. 6). The
sub-network is composed of 28 stations and 15 double-tracked sections and 17 single-tracked sections. All tracks are bi-
directional and the backbone of the region is double-tracked (the stretch Katrineholm-Aby-Mjélby) while the connecting
lines are single-tracked. The stations have between two and 14 tracks apart from Norsholm which only has one. The line
sections between the stations Katrineholm and Simonstorp contain seven consecutive blocks each. The stretch between
Aby and Norrképing contains two consecutive line sections as does the stretches between Alberga and Kolmarden and Linké-
ping and Linghem. We have also used a more detailed model of the stations Aby, Simonstorp and Strangsjo (see Appendix B)
where only the available routes through the stations can be used whereas for all other stations we assume that all incoming
and outgoing line section tracks connect with all station tracks.
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We have applied the algorithm on three different categories of disturbances:

Category 1 refers to that a train is coming into the traffic management district with a certain delay or that it suffers from a
temporary delay at one section within the district. This happens in practice quite frequently with the long-distance trains
running through this traffic district.

Category 2 refers to that a train has a ‘permanent’ malfunction resulting in increased running times on all line sections it is
planned to occupy. This is also a quite frequent problem.

Category 3 refers to an infrastructure failure causing, e.g. a speed reduction on a certain section, which results in increased
running times for all trains running through that section. This is a serious problem which often has a significant impact on
large parts of the surrounding traffic but it is not as frequent as the other disturbance types.

We have used the traffic for a typical weekday (Thursday the 23rd of April, 2009), which contains the regular amount of
passenger and freight traffic and we have induced the disturbances in the afternoon rush hour at dense sections. We have
applied the algorithm on a number of scenarios, see Appendix C and Table 1, with a maximum tolerated computation time of
30 s and a time horizon of 90 min. One reason for choosing a time horizon as long as 90 min, is that the time to run the main
double-tracked stretch takes about 75 min for a faster passenger train and for certain disturbances of e.g. 20 min for a single
delayed train, the delayed train would interact with the relevant trains at the end of its trip instead of the tracks being totally
empty.

In attempt to evaluate the optimality of the algorithm, we have also solved the scenarios using solver Cplex version 10
minimizing the total final delay and using the complete formulation proposed in Térnquist and Persson (2007) with some
necessary modifications corresponding to the same restrictions as implemented in the algorithm (see Appendix D for the
complete model). That is, adding (a) headway conditions for the line sections with more than one block and trains running
in the same direction, (b) conditions forbidding changing tracks between two consecutive line sections and (c) routing
restrictions in to/out from the stations Strangsjo, Simonstorp and Aby.

Table 1

A selection of evaluation results for a time horizon of 90 min. In the fifth column the maximum difference between the solution values provided by the
algorithm and Cplex is presented (since the optimum solution could not be found within 24 h). In some cases is also the minimum {minimum;maximum} value
given, when a feasible solution has been found.

Nr  Scenario # trains/events/  Found Max Optimum
binary variables solutions (min) difference  (min)/LB
(min) (min)
1 Long-distance pax train 538, north-bound, delay 12 min Linkoping-Linghem 48/547/8148 24.82; 19.58 9.8 -19.77
2 Long-distance pax train 538, north-bound, delay 6 min Linképing-Linghem  48/547/8148 12.52; 7.28 35 -/3.77
3 Paxtrain 2138, south-bound, delay 12 min Katrineholm-Strangsjo 48/551/8260 19.17; 13.02 3.5 -/9.5
4 Paxtrain 2138, south-bound, delay 6 min Katrineholm-Strangsjo 48/551/8260 13.17; 7.02 3.5 -/3.5
5 Paxtrain 80866 (north-bound), delayed 12 min Linkdping-Linghem 49/562/8369 16.9; 15.50 103 -/5.25
6 Paxtrain 80866 (north-bound), delayed 6 min Linképing-Linghem 49/562/8369 1.13; 0.88 0.9 0/0
7 Paxtrain 8764 (north-bound), delayed 12 min Mj6lby-Mantorp 50/553/8317 9.47; 8.32 0.2 -/8.1
8 Paxtrain 8764 (north-bound), delayed 6 min Mjdlby-Mantorp 50/553/8317 4.6; 3.45 14 -/2.1
9 Paxtrain 539 (south-bound), delayed 12 min Katrineholm-Strangsjo 50/555/8295 14.48; 13.33 5.7 -/7.63
10 Paxtrain 539 (south-bound), delayed 6 min Katrineholm-Strangsjo 50/555/8295 5.63; 4.48 2.9 -/1.63
11 Paxtrain 538 w. permanent speed reduction causing 50% increased run times 48/547/8148 25.78; 29.55 35 -/17.03
on line sections starting at Linkoping-Linghem
12 Paxtrain 2138 w. permanent speed reduction causing 50% increased run 48/551/8260 17.48; 11.33 3.5 -/7.82
times on line sections starting at Katrineholm-Strangsjo
13 Paxtrain 80866 w. permanent speed reduction causing 50% increased run 48/563/8321 38.82; 37.42 {1.6; 5.3}  35.8/32.17
times on line sections starting at Linképing-Linghem
14 Paxtrain 8764 w. permanent speed reduction causing 50% increased run 50/553/8317 26.95; 24.25 {5.7; 6.6} 18.54/17.7
times on line sections starting at Mjolby-Mantorp
15 Paxtrain 539 w. permanent speed reduction causing 50% increased run times 50/555/8295 28.8; 27.65 1.0 26.64/26.64
on line sections starting at Katrineholm-Strangsjo
16  Speed reduction for all trains between Strangsjo and Simonstorp (all trains ~ 46/507/7001 230.83 0.0 -/230.83

get a runtime of 27 min, cf. 5-10 min planned runtime) starting w. freight
train 43533

17  Speed reduction for all trains between Aby and Simonstorp (all trains get a  51/556/8442 129.77; 8.9 -/115.17

runtime of 20 min) starting w. train 2138 129.45;
129.42; 129.1

18 Speed reduction for all trains between Aby and Norrkoping (all trains get a ~ 49/551/8154 90.95; 85.42 {6.2; 42.2} 79.27/43.23
runtime of 8 min) starting w. train 2138

19 Speed reduction for all trains between Mjolby and Mantorp (all trains geta  50/553/8317 481.38 318.0 -/163.25
runtime of 20 min) starting w. train 8764

20 Speed reduction for all trains between Link6ping and Linghem (all trains geta 48/547/8148 393.48; 266.0 -/116.65

runtime of 15 min) starting w. train 538 382.78; 382.57
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6. Results

The algorithm finds very fast in all scenarios a first feasible, complete solution but is then not always so effective in
branching and finding an improvement. Since it is very time and memory consuming to solve certain scenarios using the
formulation in Appendix D and the solver Cplex version 10, and sometimes not even possible to find a feasible solution,
it has not been possible to perform an optimality check for all scenarios. In Table 1, an overview of the simulated scenarios
can be seen. The second column presents the scenarios which also can be seen in the graph in Appendix C. The third column
presents information on the size of the scenarios and the number of binary variables is computed below where m; refers to
the number of events on section j that remains to be scheduled. The first term refers to the variables y,;, while the second
term refers to 2,;, and the last, gy (see notation in Appendix D). The last two only concerns non-single-tracked sections.

B| B| B|
Somm—1)2+ > mim—1)/2+ Y my« PP > 1 (6.1)
j=1 Jj=1:/Pj|>1 j=1:|P;|>1

The fourth column presents the cost value of all the solutions found by the algorithm within 30 s and where the highest va-
lue refers to the solution found first. It takes less than 1 s to find the first solution for the algorithm and very often it also finds
the other solutions (if there are any) within the first few seconds.

The sixth column presents two values, where the first is the best solution found by the solver (if no value is given, a fea-
sible solution was not found within 24 h). The second value is the maximum of (a) the lower bound provided by the solver
and (b) the lower bound found by the algorithm. If the solver has found an optimal solution, that is also the lower bound. In
the fifth column, the largest possible difference between an optimum and the best solution value provided by the algorithm
is presented. This value, however, gives very little information in the cases where the solver has found a solution with a large
gap (i.e. large difference between its best found solution and its lower bound) or not found a feasible solution. In a few sce-
narios, there is also a minimum difference given, i.e. {minimum, maximum} since Cplex has found a feasible solution which
is better than the one provided by the algorithm.

Table 2
A selection of evaluation results for a time horizon of 60 min. * Refers to that an optimum could not be found within 24 h by Cplex and hence the lower bound
(LB) is given as well as the minimum and maximum difference between the solution values provided by the algorithm and Cplex.

Nr Scenario # trains/ Found Difference ~ Optimum
events/binary solutions (min) (min)
variables (min)

1 Long-distance pax train 538, north-bound, delay 12 min Linkdping-Linghem 36/356/3795 16.33 2.1 14.23

2 Long-distance pax train 538, north-bound, delay 6 min Linképing-Linghem 36/356/3795 3.77 0.0 3.77

3 Paxtrain 2138, south-bound, delay 12 min Katrineholm-Strangsjo 34/357/3842 9.50 0.0 9.50

4 Paxtrain 2138, south-bound, delay 6 min Katrineholm-Strangsjo 34/357/3842 3.50 0.0 3.50

5 Paxtrain 80866 (north-bound), delayed 12 min Linkdping-Linghem 37/364/3841 19.58 41 15.47

6 Paxtrain 80866 (north-bound), delayed 6 min Linkdping-Linghem 37/364/3841 4.63 4.1 0.50

7 Paxtrain 8764 (north-bound), delayed 12 min Mj6élby-Mantorp 39/357/3813 8.10 0.0 8.10

8 Paxtrain 8764 (north-bound), delayed 6 min Mj6lby-Mantorp 39/357/3813 3.23; 2.98 {0.3; 0.9} 2.932.1)
9 Paxtrain 539 (south-bound), delayed 12 min Katrineholm-Strangsjo 41/365/3921 14.92 3.8 11.13

10 Paxtrain 539 (south-bound), delayed 6 min Katrineholm-Strangsjo 41/365/3921 4.27 0.0 4.27

11 Paxtrain 538 w. permanent speed reduction causing 50% increased run times on  36/356/3795 17.03 0.0 17.03

line sections starting at Linkoping-Linghem

12 Paxtrain 2138 w. permanent speed reduction causing 50% increased run times 34/357/3842 7.82 0.0 7.82

on line sections starting at Katrineholm-Strangsjo

13 Paxtrain 80866 w. permanent speed reduction causing 50% increased run times 38/369/3858 32.08 41 27.98

on line sections starting at Linkdping-Linghem

14 Paxtrain 8764 w. permanent speed reduction causing 50% increased run times 39/357/3813 27.28 7.0 20.26

on line sections starting at Mjolby-Mantorp

15 Paxtrain 539 w. permanent speed reduction causing 50% increased run times on  41/365/3921 2743 0.8 26.64

line sections starting at Katrineholm-Strangsjo
16  Speed reduction for all trains between Strangsj6 and Simonstorp (all trains geta  34/321/3102 156.80 0.0 156.80
runtime of 27 min, cf. 5-10 min planned runtime) starting w. freight train
43533

17  Speed reduction for all trains between Aby and Simonstorp (all trains get a 40/363/3976 93.02 12.7 80.32
runtime of 20 min) starting w. train 2138

18 Speed reduction for all trains between Aby and Norrkoping (all trains get a 39/364/3854 40.87 2.8 38.12
runtime of 8 min) starting w. train 2138

19 Speed reduction for all trains between Mjolby and Mantorp (all trains get a 39/357/3813 278.87 {0; 126.2} 2788

runtime of 20 min) starting w. train 8764 7°(152.7)

20 Speed reduction for all trains between Linkdping and Linghem (all trains get a  36/356/3795 155.40 {5.13; 136.87(120.62)

runtime of 15 min) starting w. train 538 34.8}
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Since it is so difficult to evaluate the level of optimality of the algorithm without optimal solutions or better lower
bounds, we have also simulated the same disturbance scenarios but with a shorter time horizon of only 60 min. The results
can be seen in Table 2.

In an evaluation of the performance of the algorithm and comparison to the solver, we can first of all see that in most
scenarios the solver cannot provide a feasible solution despite a relatively high value on the time limit, i.e. 24 h. When com-
paring the solutions, we have found that the algorithm and the solver, not surprisingly, have different strategies to find a
good solution. Even when they achieve solutions with the same objective value, they have produced different solutions.
The solutions provided by the solver contain quite some intermediate delays, i.e. several trains suffer from smaller delays
of only a few minutes during their trip but arrive at final destination on time. The strategy used by the algorithm avoids
delaying additional trains unless it really pays off and therefore it often delays a smaller number of trains but then delays
those more. A visual analysis of some of the solutions provided by the algorithm showed that the solutions seem sound
and no obvious, large improvement could be seen. Note also that it is important to understand, from a practical point of view,
that the running times and separation times between trains are approximations of what they actually will be in real-time, so
that if the solutions differ with a few minutes this is acceptable.

When it comes to the performance of the algorithm with respect to the different categories, we can see that for the first
two categories the algorithm performs fairly well. For category three it was difficult to find good values for comparison, but
still we can see that the algorithm may have some difficulties finding good-enough solutions, see e.g. scenario 19 and 20.
However, as described earlier the maximum difference presented in the fifth column in Tables 1 and 2 is really only relevant
if there is a feasible solution found by Cplex (i.e. the sixth column contains two values). In the case of scenario 16-17 and 19-
20 in Table 1, Cplex can not provide a feasible solution within the time limit and thus only provides a lower bound of the LP
relaxation of the problem. The lower bound means that there may exist a solution which is as good as 163.25 (for scenario
19), but probably not in this case. How the disturbances are affecting the trains with respect to e.g. increased running times,
can be seen in Appendix C. For scenario 19, we can see that the average running time between Mjélby and Mantorp in the
timetable is approximately 5 min and because of the disturbance it is increased to 20 min for all trains passing through dur-
ing those 90 min (approximately 13 trains). Consequently, each of these trains gets a delay of approximately minimum
15 min and the sum of these delays reaches 195 min and does not include any of the knock-on delays (cf. the lower bound
of 163.25).

Since the algorithm focuses on preventing deadlocks from occurring (but is also able to unlock deadlocks) it has not cre-
ated a deadlock before finding its first solution in our scenarios (i.e. within Phase 2), but later during Phase 3. The reason is
that the algorithm is quite conservative when it searches for the first solution, which probably results in that the optimal
solution is sometimes not found. That is, in Phase 2 it rather avoids making a decision which may lead to a deadlock than
to take the chance and select a candidate event which may generate a lower delay cost estimation.

The ability of the algorithm to handle deadlocks at stations where a line is splitting up, e.g. Aby, could be improved. The
reason why deadlocks are more likely to occur for this type of station is that the appropriate track needs to be selected earlier
in time than for other, simpler stations.

7. Discussion and future work

In this paper we have presented a greedy algorithm which in short time delivers good re-scheduling solutions to the rail-
way traffic disturbance management problem. We have performed an experimental evaluation and analysis of the perfor-
mance of the algorithm. The evaluation shows that the algorithm provides good-enough solutions very fast but there are
also several possible improvements which can be made and foremost related to its branching strategy.

Apart from making the algorithm select potential branching nodes more effectively and minimizing the amount of com-
putations, we are also working on an implementation and evaluation of the effect of multi-threading. The use of multi-
threading means that several branches can be explored simultaneously by use of parallel computing, see e.g. (Emer et al.,
2007), which would speed up the search for improvements.

Furthermore, during discussions with the traffic managers we have seen that even further modelling extensions may
need to be considered. This includes e.g. modelling the separation of train movements in to and out from certain stations
in more detail as well as using a more dynamic way of specifying minimum train movement times depending on how trains
enter and leave certain stations. How these extension, if relevant, can be incorporated then need to be considered in more
depth.

Finally, the main purpose of this algorithm is to act as a complement to the earlier optimization approach presented in
Tornquist and Persson (2007) since for some scenarios and time horizons the previous approach was failing to quickly en-
ough provide a feasible solution. For some of the scenarios considered in this paper, we have also applied the previous ap-
proach as well as Strategies 1 and 2 presented in Tornquist and Persson (2007) with the use of Cplex. Even Strategy 1, which
simplifies and restricts the solution space significantly, failed to solve some of the scenarios within the time limit of 30s.
What could be interesting to investigate in future work is the possibility and effect of giving the initial solution provided
by the greedy heuristic as a start solution to Cplex using our previous approach (if the starting solution is feasible with
the restricted formulation) or the full model presented in Appendix D. This could potentially lead to improved solutions
or at least generate better estimations of the lower bounds.
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Appendix A. Outline of the greedy algorithm
A.1. Notation

Overall, the same notation as in Térnquist and Persson (2007) is used.

Let Ty be the time when the disturbance was inflicted. Let DT be the decision tree vector which stores the cur-
rent branch, i.e. sequence, of active and terminated events and all those events are represented as nodes in DT. DT*
is the vector which stores the best complete solution found so far. s is used to denote the index of node N; in DT
and s=|DT| gives the index of the last activated node (i.e. event). DT starts with the nodes corresponding to all the
events that were active at Tp and s™ represents the index of the last of those nodes in DT. LB refers to the lower
bound and C; refers to the minimum delay cost to be expected after the previous events generating nodes N;-N; in
DT have been activated (and possibly terminated). Consequently C;. provides the LB. Let C* denote the best solution
value with default value —1. Let DT,.x be the max size of DT, i.e. the total number of events including the pre-
started ones. Let Spackerack denotes the index of the height in DT to which the last backtracking was carried out
and Sbacktrack = s".

Let Stat; = {W = Waiting, A= Active, T=Terminated} specify the actual status of train i at a certain point while
E;={0;|K;| + 1} denote the index of its current active event. E;=0 refers to Stat;=W and E; = [Kj| + 1 refers to Stat;=E.
Let b denote the earliest possible start time of event k. Define NC (the candidate list) as the set of the first un-
started event k of each train i. NC is also by definition sorted in chronological order w.r.t. by"". Let k* denote the
index of the current most high-ranked candidate event found in NC, while k** denotes the second most high-ranked
event. t* denotes the chosen track for k*, and t** the track for k™ -i* denotes the index of an identified deadlocked
train.

Let L; be the list of the remaining non-active/-terminated events of section j, where k € L; and it is by definition
sorted in chronological order w.r.t. by'"". Let P, be a subset of tracks P;, where P} only includes tracks which event k
is permitted to use (i.e. the event may already have been assigned track t before as a child node from the last active
node in DT). Let nrT; represent the actual number of unoccupied tracks at section j excluding any temporarily
blocked tracks so that nrT;={0,1,...,|Pj|}. Sk specifies if event k takes place at a line section (Sx=1) or a station sec-
tion (S, =0).

Let TL;; be the vector of track t on section j which lists all the executed and active events which have been assigned
track t. Let Tj‘_T;i" denote the earliest time track ¢ is available for a new event to be activated. The event with index s = [TL;|
is the last one which entered the track. Let el™ denote the earliest time the active event k is permitted to leave its as-
signed track. If the corresponding section only contains one block, e" is dependent on the minimum running time
and the earliest time the corresponding train can activate its next event. However, on sections with more than one block
and where two trains run in the same direction, they can use the same track but separated by some minimum headway
(here 3 min) and this needs to be considered both when entering and leaving the track. el may need to be associated
with the closure of another event.

Let deadlockRisk be a Boolean variable (takes on the values true/false) specifying if the deadlock analysis resulted
in an identified risk of running into a deadlock if the investigated candidate event k is assigned the investigated
track t'.

Let t' denote the ‘optimal’ track at section j selected for the candidate k in focus so that t' = {-1,0,1,...|P,|} which
means that if ¢ is negative there are no tracks possible to choose from and thus it refers to a deadlock. The value '0’
refers to that all the tracks which event k would be permitted to use are occupied and the first one becomes
available at time T}"i". T]‘-T}i“ specifies the earliest time event k may enter the specific track t which becomes relevant
when t' > 0.

Let possibleConflictOfInterest be a Boolean variable specifying if there are any trains which may compete with train i over a
track. That is, if there are any trains which would want to start before train i could leave the requested track and no other
track would be available either before the other train(s) planned to depart.

Even though the first element in a vector implemented in Java has the index '0’, we assume here that the first element in
any vector or list has index = 1 and the last element has index = |vector/list size|.
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A.2. Phase 1

(1.1) Start event k € K;, i € T, if it was ongoing at T, and assign the values of the corresponding variables; the initial
starting time, x2" — b and initial track, Qi e = 1. Add event k as a node at the end of DT.

(1.2) Update the running times, dy, of all events k which are directly affected by the inflicted disturbance.

(1.3) For V trains i € T, update Stat;.

(1.4) Compute by for all the non-active/-terminated events k € K; of all trains i, LB and C;: For Vi T:

If (Stat=W): Let b™" = max (hk * b To), where k=1 then
ForVke K; : k > 1{bkm“'1' = max (hm « b, (bkmi" + dk)>}
Let C;. = G- + max (0, (bm““ +dy) — eg’(f»
End if
Else if (Stat; = A): Let b,r(“ln = max (hk * b}f",x“”" +di_ 1) where k =E; + 1. then

For Vk € K; : k > (E; ){b‘““} = max (hm * b, (bﬂ““ + dk>)}
Let C; = Cs- + max ( (b‘[“" +dg — e’””))

End else if

Else (i.e. Stat; = T) then Let C;. = C,;. + max (0 (xft”f e’"”)) End else

Let LB = Cs..
(1.5) Initiate NC.

A.3. Phases 2 & 3

While ([NC|> 0 and LB != C* and the time limit is not reached yet) do
Letk=1.Lletk'=k"=i"=t"= t*"= — 1.
While (k* <0 and i* <0 and for V k € NC, where k € L;j and K;) do Let ¢’ = —1.
If (|P,| > 0 and (Stat; = W or (Stat; = A and event k = E; can be closed))) then Select track t' from P;, .
If(t' < 0) then Let i* =i. end if
Else if(t = 0) then Let b"" = T;“i“. For V k € K; : k> (E;+ 1), update b"" as in 1.4) End else if

Else if (|L’ an) then Let t* = ¢’ and k" = k. End else if

Else if (deadlockRisk=false) then
If (Sx=1 and nrT; < 2 and possibleConflictOfInterest=true) then
Compute VC. If (VC=0) then Let t* =t and k* = k. End if
Else if (k** < 0 or weight > VC) then Let t** =t and k** = k. Let weight=VC. End else if
End if

End else if

End if
End while

If(i* > 0) then Handle deadlock: Backtrack in DTreversing all actions (and deleting corresponding nodes) until the parent
node of event k = |E;-| — 1. Update all relevant parameters and variables including adding the reversed events to the corre-
sponding lists Lj’. and removing them from TL;,- End if

Else if(k* < 0 and k** < 0) then Handle deadlock: Backtrack in DTreversing the last action (and deleting the corresponding
node). Update all relevant parameters and variables including adding the reversed event to the corresponding list L; and
removing it from TL;- End else if

Else then
If (k* > 0) then
Let b™™ = max (bmm7 Tj"}'"7e‘“g““) k" € Ki/L;. Let x! = X" = b and g = 1: " € P

Add event k” to DT and TL;;- and remove from L.

If((|Ei| + 1) = |K;|) then x¢, | = max ((b;g‘“ n dk*) e‘rgl‘n) End if

Update Stat;, E; and any relevant b{"™".
End if
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Else if (k™ > 0) then
Let b™ = max ( in i, eﬁ“) k™ € Ki/L. Let x§i = x; 8" = b and g - = 1: £ € P,
Add event k** to DT and TL;, and remove from L.
If ((|Ei| + 1) = |Kl) then x%,, = max (( min dkn) , eﬁ“) End if
Update Stat;, E; and any relevant b{"™".

End else if

Compute Cjpp as in 1.4).

If (|DT| = DT,ax and C* < 0) then Let C* = Cpyy. Backtrack in DT to the first encountered node (counting from the
end), where C; < C* and according to already defined backtracking scheme above. Let Spackirack = |DT)| after
backtracking. End if

Else if(|DT| = DTrax and C* > 0 and C* > Cpyy) then Let C* = Cpr,. Backtrack in DT to the node at index (Spackerack — 1)
and according to already defined backtracking scheme above.

Let Spacktrack = Sbacktrack — 1. End else if

Else if (|DT| < DT and C* > 0 and C* < Cppr)) then Backtrack in DT to the node at index (Spackerack — 1) and according
to already defined backtracking scheme above. End else if
End else

Reinitiate NC.
End while

Appendix B. Station configurations

See Fig. 7.

Appendix C. Timetable for the traffic scenarios

See Fig. 8.

Appendix D. Optimization model

D.1. Objective function

Minimize "z (D.1)

ieT

D.2. Train restrictions

XM =x®" ieT keK;:kAn; (D.2)
X > xbesn g keE (D.3)
xpesn > ptel ke Ehy =1 (D-4)
xbesin — peic ke E: by >0 (D.5)
xnd = etotic ¢ E: efeic 5 (D.6)
z > xbeEn i jeT (D.7)

Gta
Strangsjo (Sto) Simonstorp (Smt) Aby
3 2 2 \

K ) ) ] /\Nr

1

Fig. 7. lllustration of the double-tracked stretch between Katrineholm (K) and Norrkoping (Nr) and connects via Aby to the single-tracked stretch to
Nykoping and Stockholm. Cf. Fig. 6.
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Fig. 8. The timetable for the double-tracked section Katrineholm-Mjolby which was used in the simulation experiments. The traffic on the single-tracked
stretch is not as intense. In the parenthesis, after each station acronym on the y-axis, is the number of tracks within the station presented. Smt* refers to that
the station Simonstorp has three tracks but the third one is not used. See Fig. 6 for an overview of the line.

D.3. Infrastructure restrictions

> qe=1 jeBkel:|P|>1 (D.8)
IEP-
St =r"*  jeBkel:|P|>1&rf =1 (ie.when by > 0 (D.9)
tep;

Constraint (D.10) is used when a train has two consecutive events where both are scheduled on a line section with no meet-
ing possibility in between.

Qe = Qisr e ieT,jeBkeljk&k+1)eK;teP;:|Pj|>1&k#n&Sk = S1 =1 (D.10)
Qe+ Qe — 1<+ JeBkkel,teP k<k&P|>1 (D.11)

For line sections containing only one block section. Constraint (D.13) is for single-tracked sections and (D.14) for sections
with multiple tracks:

X x> Ay —M(1=7g)  J€Bk kel k< k&(din~dir|nrB; = 1) (D.12)
X x> A1) ~ My jeBk kel k < k&|P| = 1&(din=diry|[nrB; = 1) (D.13)
X x> Ajj — M(1 - 4) e Bk kel k< k&|Pj| > 1&(dir#dir |nrB; = 1) (D.14)

tive blocks within the section and hence where trains in same direction can follow each other if separated by at least H time
units:

XE" - X8 > Hyyg — M(1 =) j€Bkkely:k<k(dir, = dirg&nrB; > 1) (D.15)
X x> Hip —M(1-7g)  jeBkkel;:k < k&(din = dir&nrB; > 1) (D.16)
X8 — X > Hi(1 = y,) — My, J€Bkkely:k<k&|P| = 1&(dir, = dir &nrB; > 1) (D.17)
XM x> Hi(1-p) — My j€B.kkel:k<k&|P| = 1&(dir, = dirg&nrB; > 1) (D.18)
X" — X0 > Hidyg — M(1 = Jy) J € Bk k € L : k < k&e|P;| > 1&(dir, = dirg&nrB; > 1) (D.19)
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XM — x> Hijy — M(1-24)  jeBkkel;:k<k&Pj| > 1&(dir, = dir &nrB; > 1) (D.20)
Ai+ 7 <1 jeBkkel:k<k&lP|>1 (D.21)
xpesm xend >0 keE (D.22)
z>0 ieT (D.23)
74 €{0,1}  jeBkkeli:k<k (D.24)
A €101}  jeBkkelLi:k<k&lP|>1 (D.25)
Qe €{0.1}  jeBkel,teP:|P>1 (D.26)

The notation is based on the one presented in Térnquist and Persson (2007) but some new constraints, variables and param-
eters have been added.

T is defined as the set of trains, B is the set of sections, and E is the set of events where an event is a resource request by a
certain train for a specific section. We let index i be associated with a train, j with a section and index k with an event. Each
event is connected to both a train and a section. Let K; C E be the ordered set of events for train i (i € T) and L; C E be the
ordered set of events of section j (j € B). Events in K; and L; are ordered according to the original timetable. We use (k + 1) to
denote the first proceeding event of event k (in K; and L;) and k < k to denote that k is any event proceeding event k with
respect to the order in the sets. Furthermore, let n; and m; denote the last event of K; and L;, respectively. Each section
has a set of parallel tracks P;={1,...,p;}.

The formulation contains six types of decision variables. The variables X" and x2™ represent the start and end time of
event k. z; represents the delay train i experiences at its final destination within the problem formulation. In addition we
have the binary variables:

_ [ 1,if event k uses track t,where k € L, t € P;.),j € B.
e = 0, otherwise.

1,if event k occurs before event k(as in the initial timetable),
Yk = § where k,keLj,jeB:k< k.
0, otherwise.

1,if event k is re—scheduled to occur after event l},

m where k. ke Lj,jeB:k <k

0, otherwise.

Sk specifies if event k takes place at a line section (S, = 1) or a station section (S = 0).
M is a large constant and H is the headway parameter. The parameter dir, gives the direction of the train during event k
and nrB; gives the number of consecutive block sections within one and the same line section j.
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Railways are an important part of the infrastructure in most countries. As the railway networks become more
and more saturated, even small traffic disturbances can propagate and have severe consequences. Therefore, ef-
ficient re-scheduling support for the traffic managers is needed. In this paper, the train real-time re-scheduling
problem is studied in order to minimize the total delay, subject to a set of safety and operational constraints.
We propose a parallel greedy algorithm based on a depth-first branch-and-bound search strategy. A number of
comprehensive numerical experiments are conducted to compare the parallel implementation to the sequential
implementation of the same algorithm in terms of the quality of the solution and the number of nodes eval-
uated. The comparison is based on 20 disturbance scenarios from three different types of disturbances. Our
results show that the parallel algorithm; (i) efficiently covers a larger portion of the search space by exchang-
ing information about improvements, and (ii) finds better solutions for more complicated disturbances such as
infrastructure problems. Our results show that the parallel implementation significantly improves the solution

for 5 out of 20 disturbance scenarios, as compared to the sequential algorithm.

1 INTRODUCTION

Railways are an important part of the infrastructure
in most countries. As the railway traffic networks
become more and more saturated, even small traf-
fic disturbances can propagate and have severe con-
sequences. Smooth operation of railway systems
are also difficult due to different types of unforeseen
larger disturbances such as bad weather or infrastruc-
ture failures. When disturbances occur, the timetable
needs quickly to be re-defined to minimize the de-
lays and the associated penalty costs for operators and
infrastructure providers. However, the large number
of constraints and complex infrastructure make re-
scheduling difficult and time consuming. Therefore,
efficient re-scheduling support for the traffic man-
agers is needed.

In Sweden, the railway transport market is dereg-
ulated which means that operators and infrastructure
providers are two different entities. The Swedish
Transport Administration, Trafikverket, is managing
the network both in terms of timetabling and traffic
management while the operators arrange and run the
train services for passengers and freight. The different
private operators apply for desirable slots in competi-
tion with each other and Trafikverket assigns slots ac-

cording to predefined market-based routines. The de-
mand for track capacity has increased the past years in
Sweden as well as the number of operators (Térnquist
and Persson, 2007). As an effect, the network is be-
coming more and more saturated and vulnerable every
year. The Swedish railway industry therefore seeks
decision support systems to assist dispatchers in mak-
ing good re-scheduling and delay management deci-
sions in real time. Since this re-scheduling problem is
a difficult problem, solution approaches based on e.g.
traditional optimization techniques often require huge
amount of memory space and computation time. Es-
pecially the computation time is important to reduce
since the problem needs to be solved fast in real-time.

The purpose of this paper is to present a fast and
effective approach for railway traffic re-scheduling
which aims to minimize the delays during a distur-
bance by the use of heuristics and parallelization tech-
niques. The approach is a parallel depth-first search
(DFS) branch-and-bound (B&B) algorithm based on
a sequential greedy algorithm proposed by (T6rnquist
Krasemann, 2010; Grahn and T6rnquist Krasemann,
2011). The parallel DFS algorithm has been evaluated
experimentally and benchmarked with the sequential
greedy version as well as to state-of the art optimiza-
tion software, Cplex 12.2, for 20 disturbance scenar-



i0s. The simulated disturbance scenarios are used to
measure the algorithm efficiency in terms of the qual-
ity of the solution and the number of nodes explored.
Our results show that the parallel implementation sig-
nificantly improves the solution for 5 out of 20 distur-
bance scenarios, as compared to the sequential algo-
rithm.

In the following section, related work is presented.
Section 3 outlines the problem domain and its context
as well as a description of the sequential greedy algo-
rithm. Sections 4 and 5 present the parallel algorithm
and the experiments performed to analyze its perfor-
mance, respectively. In Section 6, the experimental
results are presented and discussed. Finally, Section 7
concludes our study and provides suggestions for fu-
ture work.

2 RELATED WORK

The railway traffic delay management and re-
scheduling problem has been considered an important
and difficult problem since quite some time. Com-
prehensive reviews of related work can be found in,
e.g., (Tornquist, 2005; Conte, 2008; Schachtebeck,
2009) and it has been studied from different perspec-
tives such as capacity, robustness, as well as passen-
ger delay and dissatisfaction. Analysis of heuristics
and integer solution methods for solving capacitated
re-scheduling delay management problems are given
in, e.g., (Schachtebeck, 2009).

The capacitated delay management prob-
lem (Schachtebeck, 2009) is a special case of the
job shop scheduling (JSS) problem, where train
trips are jobs which are scheduled on tracks that
are considered as resources. A JSS formulation is
also proposed in (Liu and Kozan, 2009) where a
blocking parallel-machine JSS is used to model the
train dispatching.

A branch and bound (B&B) procedure is proposed
for a resource-constrained project scheduling formu-
lation by incorporating an exact lower bound rule and
a beam search heuristic for a tight upper bound (Zhou
and Zhong, 2007). A four step heuristic is proposed
in (Lee and Chen, 2009), in which binary integer lin-
ear programming is used to accept or reject proposed
solutions.

More recently, the delay management problem has
been studied by (Corman, 2010), where the com-
plexity of dispatching is discussed, and mathemati-
cal models, based on an alternative graph formulation,
along with algorithm enhancements are proposed. A
similar problem, but with a different problem setting,
is studied in (Tornquist and Persson, 2007) where

an Mixed-Integer Linear Program (MILP) formula-
tion for dispatching trains during disturbances is pro-
posed and solved using commercial software. The
MILP model showed to be too time-consuming to
solve using existing commercial solvers for more se-
vere disturbances. Therefore, a greedy depth-first
search branch-and-bound algorithm was developed
for addressing the re-scheduling problem (T6rnquist
Krasemann, 2010) and further improved in (Grahn
and Tornquist Krasemann, 2011) with a more efficient
branching strategy.

In (Grama and Kumar, 2002), a survey of parallel
search methods in combinatorial optimization prob-
lems (COP) in connection to artificial intelligence is
presented. The work in (Clausen and Perregaard,
1999) can be considered as an extension of (Grama
and Kumar, 2002), while adopting the same search-
ing methods (i.e. DFS or BES) with B&B. Branch-
ing strategies named lazy and eager (i.e. in eager,
branching is performed before bound calculation but
in lazy vice versa) are introduced with performance
results (Clausen and Perregaard, 1999). The search
procedures are improved by parallel implementations
on multiprocessors in the context of constraint pro-
gramming (Perron, 2004). The advantages and disad-
vantages of central or distributed together with mixed
control schemes for implementation of parallel B&B
are discussed (Shinano et al., 1997). Further, a par-
allel search engine has been devised using different
time limits (Perron, 2004).

The focus of this paper is different from related re-
search in other countries since the complete Swedish
railway network permits bi-directional traffic. Fur-
thermore, on double-tracked line sections track swap-
ping and using both tracks for traffic in one direc-
tion is a commonly used traffic management strategy
when re-scheduling the traffic during disturbances.
These properties complicate the problem and make it
harder to solve. Furthermore, the application of paral-
lelization has not been previously addressed to solve
the real-time railway re-scheduling problem.

3 PROBLEM DESCRIPTION AND
SEQUENTIAL GREEDY
ALGORITHM

3.1 Railway network representation

The railway network consists of station and line sec-
tions, tracks, blocks, and events. Each station and
line section can have one or more parallel tracks. All
tracks are bi-directional, i.e., the track can be used



for traffic in both directions depending on the sched-
ule. A train uses exactly one track on a station or
line section, but which specific track to use is often
only predefined for events on stations where the cor-
responding train has a passenger stop. The track allo-
cation is therefore a part of the re-scheduling problem.
Each track is composed of one or several blocks con-
nected serially and separated by signals. Each block
can hold only at most one train at a time due to the
safety restriction imposed by line blocking. A track
composed of two blocks can in theory hold two trains
in the same direction, but not two trains in opposite di-
rection due to the lack of a meeting point. Each train
has an individual, fixed route (i.e. the sequence of sec-
tions to occupy) which is represented as a sequence of
train events to execute. A train event is when a certain
train occupies a certain section. A train event has cer-
tain static properties such as minimum running time,
advertised start and end times (i.e. it can not depart
earlier than the advertised departure time) and rec-
ommended track at stations with passenger connec-
tions. The event has also some dynamic properties,
e.g., track allocation and start and end times on the
section.

3.2 Problem specification

In the train re-scheduling problem we have a dis-
turbance in the railway traffic network forcing us
to modify the predefined timetable in line with cer-
tain objective(s) and constraints. We have a set of n
trains, T = {t1,2,...,1,} on a set of m sections, S =
{s1,82,...,5,} where each section s; € {station,line}
have a number of tracks p € {1,...,p;}. A station is
called symmetric if the choice of track to occupy has
no, or negligible, effect on the result. Each train i has
a set of events, K; and the set of all train events is
denoted as K = {Kj,K>, ..., K, } and its cardinality is:
C= Zlill |K;|. Each train event k has a predefined start
time "% and end time " in line with the timetable
and which needs to be modified based on the mini-
mum running time di. It also belongs to a specific
section s € {s1,52,...,5n}. Each event is executed
on exactly one track of its section.

In Figure 1, 9 trains are shown. Train A has 7
events and each event is associated with a section
(e.g., Al at section 1). There are totally 7 sections,
where sections 1, 3, 5, and 7 are stations and sections
2,4, and 6 are line sections.

The objective of the re-scheduling procedure is to
minimize the sum of the final delay suffered by each
train at its final destination within the problem in-
stance. The quality of the solution is thus given by
this objective value, where a lower value indicates an
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Figure 1: Illustration of railway traffic on a double-tracked
line with four stations and three line sections. The time
stamp 7p indicates the time when Train C just has left sec-
tion 1 and experiences an engine failure. The itinerary of
Train C will then look different than from the planned one.

improvement. The optimal solution is the one found
by the optimization software (Cplex 12.2 in our case).
The search space explored is quantified by the number
of nodes visited.

3.3 A sequential greedy algorithm

The main objective of the sequential greedy algorithm
is to quickly find a feasible solution, and therefore
it performs a depth-first search. It uses an evalua-
tion function to prioritize when conflicts arise and
branches according to a set of criteria. When a first
feasible solution has been found the algorithm contin-
ues to search for improvements if the time limit per-
mits it. In our experiments we have set the time limit
to 30 seconds. A detailed description of algorithm
with pseudo code and examples is given in (Térnquist
Krasemann, 2010).

A search tree is built iteratively by selecting the
earliest event of each train, collecting them into a
sorted candidate list, assessing which event to exe-
cute first and executing the selected event. An event
represents a train movement, i.e., a train running on a
certain section with a start time, a minimum running
time, a preferred track to occupy, and an end time.
Each node in the search tree represents an active or
terminated event ( i.e.the train has left the assigned
track and either started the next event or reached its
final destination). For each node, we compute an op-
timistic estimation of the minimum cost, CV, for the
final solution given the partial solution that the branch
corresponds to. The further down in the tree a node
is located, the more exact the estimation becomes and
consequently nodes at maximum depth holds a cost



estimation value which corresponds to the objective
value of that solution.

The tree building process is divided into three
phases: (i) pre-processing, (ii) depth-first search, and
(iii) solution improvement using backtracking and
branching on potential nodes. In the pre-processing
phase, all events which were active at the disturbance
time Ty (see Figure 1) are executed by allocating a
start time and a track. A lower bound, LB, is defined
and assigned the value of CV for the end node in the
pre-processing phase tree. A sorted next candidate list
(i.e., sorted w.r.t the earliest possible starting time of
the event), denoted NC, holds the first waiting event
of each train. In the second phase, feasible (i.e., dead-
lock free, without conflicts, etc.) candidate events are
executed and removed from the candidate list one by
one. The next candidate list is updated accordingly
by adding the next waiting event of the train that just
executed an event (if it has any left to execute) and is
then re-sorted. The third phase starts as soon as the
first feasible solution has been found. It aims to im-
prove the best solution found so far by backtracking
to a potential node, where the estimated cost, CV, is
lower than the current best solution, and explores an-
other branch from there. The improvement process
continues until the time limit is reached or a feasible
solution with an objective value equal to LB is found.

4 PARALLEL DEPTH-FIRST
SEARCH BRANCH AND
BOUND ALGORITHM

Our parallel algorithm is based on the sequential
greedy algorithm described in Section 3.3, and where
the B&B procedure is improved by sharing improved
solutions among workers using a synchronized white
board. We use a master-slave parallelization strategy.
Initially, only the master is active and the workers
(slaves) are waiting to get the initial unexplored sub-
spaces. Using the notations in Table 1, we outline the
parallel algorithm starting with the master thread.

4.1 The master process

Let NC and PS be empty, and the disturbance occurs
at time To. As in the sequential algorithm, identify
the events that are active at Ty, execute them, and put
them into PS. Populate the NC with the next event to
execute of each train, sorted w.r.t the earliest starting
time, and compute the theoretical lower bound. De-
termine the values of 7. and W where W = T, in these
experiments. A unique copy of the problem along

Table 1: Notation used in the parallel search.

Symbol Definition

NC = (1,(Cy,...,C, where NC is the candidate
list

PS = partial solution branch

To = the time when the disturbance occurs

ETpimir = execution time limit (30 sec in our exper-
iments)

C; = candidate index to start with

1. = total number of candidates

BV,, = branching value

GBV = global best value communicated via the
white board

CcV,, = cost estimation value of the current node

W = total number of workers

w = worker index

S(w) = solution branch found by worker w

w = Worker Depth

Selected Node
TO

) . Wn

Multiple Workers

d = d+100

Wn

O

d <= 500

Max Depth

Figure 2: Parallelization at different depths in the search
tree.

with ETj i, C; and PS are sent to each worker. Look-
ing at the example in Figure 1, PS contains A6, B4
and C2 (i.e., train A associated to section 6 as event
A6 etc.), while NC consists of A5, B5, C3, D1, E7,
F1, G1, H7, and I1. One candidate event each is as-
signed to the workers to start with. Figure 2 gives an
overview of how the parallelization is applied at dif-
ferent depths of the search tree.

4.2 The worker process

The outline of the worker process is as follows:
Candidate selection: First execute the candidate C;,
determine the new NC and get a suitable candidate
based on the depth-first search node selection rule.



Stopping criteria: If the bounds in terms of execu-
tion time limit E Ty ;,,;; is exceeded or the lower bound
is reached, then terminate and output the best result. If
the candidate to execute, i.e., C;, is not suitable, then
stop execution and return.

Read white board: Read the white board for avail-
ability of improved solutions found by any other
worker; if available, then update BV, in line with
GBV.

B&B process: When the value of CV,, is greater than
or equal to the value of GBYV, discard the node, back-
track and try other alternatives, and discard branches
from symmetric stations (see Section 3.2).

Feasible solution: If all of the train events are termi-
nated, then update the white board if the new solution
found is better than the previously best solution. With
an updated value of BV,,, backtrack and start branch-
ing from a node with a value less than BV,,,.
Deadlock handling: In case of no track availability,
backtrack to detect where the wrong decision possibly
was made, revoke this decision (i.e. the execution of
a certain event) and start branching from there.
Results: After termination, send back the solution
S(w) to the master.

S EXPERIMENTAL SETUP

Our objective is to investigate a number of important
aspects through a series of numerical experiments:
(1) How does the parallelization point (i.e. at what
depth in the tree to start the parallel search) and, (2)
the number of workers affect the performance of the
parallel algorithm. Given the results from this anal-
ysis, indicating a suitable combination of paralleliza-
tion depth and number of workers, we also investigate
3) how the algorithm performs in comparison to solu-
tions found by the sequential algorithm and the com-
mercial solver Cplex 12.2. The performance analysis
is based on the metrics described in Section 3.2. In ad-
dition, we investigate how many improved solutions
that are found as compare to the sequential algorithm.

In our experiments we consider a dense traffic area
of Sweden that consists of both single- and double-
tracked line sections as shown in Figure 3. All sec-
tions are bi-directional and several of them have mul-
tiple blocks. The 28 stations have 2 to 14 tracks
each except Norsholm with only one track. The sta-
tions Aby, Stringsjo, and Simonstorp are modelled in
more detail by defining all the forbidden paths into
and out of the stations explicitly, see Appendix B
in (Tornquist Krasemann, 2010)

For a systematic and comprehensive assessment
of the performance of the parallel algorithm, we have

Table 2: Description of the 20 disturbance scenarios.

#trains/events/
binary variables

50/549/8214

’ No. Scenario description

1 Long-distance pax train 538, north-bound, delay 12
minutes Linkoping-Linghem.

2 Long-distance pax train 538, north-bound, delay 6
minutes Linkoping-Linghem.

3 Pax train 2138, south-bound, delay 12 minutes
Katrineholm-Stréngsjo.

4 Pax train 2138, south-bound, delay 6 minutes
Katrineholm-Strangsjo.

5 Pax train 80866 (north-bound), delayed 12 minutes
Linkoping-Linghem.

6 Pax train 80866 (north-bound), delayed 6 minutes
Linkoping-Linghem.

7 Pax train 8764 (north-bound), delayed 12 minutes
Mj6lby-Mantorp.

8 Pax train 8764 (north-bound), delayed 6 minutes
Mjélby-Mantorp.

9 Pax train 539 (south-bound), delayed 12 minutes
Katrineholm-Strangsjo.

10 Pax train 539 (south-bound), delayed 6 minutes
Katrineholm-Strangsjo.

50/549/8214

50/553/8326

50/553/8326

51/565/8430

51/565/8430

52/556/8425

52/556/8425

52/558/8369

52/558/8369

11 Pax train 538 w. permanent speed reduction causing 50/549/8214
50% increased run times on line sections starting at
Linkoping-Linghem

12 Pax train 2138 w. permanent speed reduction caus-
ing 50% increased run times on line sections starting
at Katrineholm-Stréngsjo.

13 Pax train 80866 w. permanent speed reduction caus-
ing 50% increased run times on line sections starting
at Linkoping-Linghem.

14 Pax train 8764 w. permanent speed reduction caus-
ing 50% increased run times on line sections starting
at Mjolby-Mantorp.

15 Pax train 539 w. permanent speed reduction causing
50% increased run times on line sections starting at
Katrineholm-Stréngsjo.

50/553/8326

50/566/8382

52/556/8425

52/558/8369

16 Speed reduction for all trains between Stringsjd and 48/509/7059
Simonstorp (all trains get a runtime of 27 min, cf.
5-10 min planned runtime) starting w. freight train
43533,

17 Speed reduction for all trains between Aby and Si-
monstorp (all trains get a runtime of 20 min) starting
w. train 2138.

18 Speed reduction for all trains between Aby and
Norrkoping (all trains get a runtime of 8 min) starting
w. train 2138.

19 Speed reduction for all trains between Mjolby and
Mantorp (all trains get a runtime of 20 min) starting
w. train 8764.

20 Speed reduction for all trains between Linkoping and
Linghem (all trains get a runtime of 15 min) starting
w. train 538.

53/558/8516

51/554/8224

52/556/8224

50/549/8214

constructed 20 realistic disturbance scenarios. The
scenarios are presented in Table 2, and are slightly
modified from the scenarios in (Tornquist Krase-
mann, 2010). The few minor modifications made
are done to avoid that the event list of a train ends
with an event in the middle of a set of consecutive
line sections, e.g., as between the stations Aby and
Norrkoping. A small number of additional events are
therefore included in the scenarios used in this paper.
For a 90 minute long time horizon, the third column
in Table 2 shows the total number of trains be sched-
uled, the total number of events, and the number of
binary variables required for the corresponding MILP
formulation solved by Cplex. The disturbance scenar-
ios cover three types of disturbances:

1. Scenarios 1-10 have initially a temporary single
source of delay, e.g., a train comes into the traffic
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Figure 3: The traffic area in Sweden that are used in the study. It has in total 28 stations, all line sections are bi-directional,
wide lines indicate double-tracked sections, and thin lines single-tracked.

management district with a certain delay, or it suf-
fers from a temporary delay at one section within
the district.

2. In scenarios 11-15, a train has a permanent’ mal-
function resulting in increased running times on
all line sections it is planned to occupy.

3. In scenarios 16-20, the disturbance is an infras-
tructure failure causing, e.g., a speed reduction on
a certain section, which results in increased run-
ning times for all trains running through that sec-
tion.

The sequential and parallel algorithms are im-
plemented in Java using the multithreaded API with
JDK 1.6, and all experiments are conducted on a
server running Ubuntu 10.04 and equipped with two
quad-core processors (Intel Xeon E5335, 2.0 GHz)
and 16 GB main memory. The execution time limit
ETimir 1s set to 30 seconds. Cplex (version 12.2) was
run on a AMD Opteron(tm) 285 quad-core processor
and in parallel, deterministic mode with 4 threads and
given a time limit of 24 hours. We also set the time
limit for Cplex to 30 seconds, but it did not manage
to provide any feasible solution in all 20 disturbance
scenarios within this time.

6 EXPERIMENTAL RESULTS

In this section, the results from the experimental eval-
uation of the parallel algorithm are presented. First,

we analyze how the parallelization affects the per-
formance and at which parallelization depths solution
improvements are found. Secondly, a statistical anal-
ysis is made for the second performance metric, i.e.,
the number of visited nodes. This part of the evalu-
ation focuses on one very complex disturbance sce-
nario, i.e., scenario 20 in Table 2.

Finally, we compare the parallel algorithm with
the sequential algorithm and the optimal solutions
found by Cplex for all 20 disturbance scenarios.

Our evaluation metrics are the solution quality,
i.e., the sum of the final delay of all trains, and the
number of nodes explored, see Section 3.2 .

6.1 Analysis of Parallelization Depths
and Number of Workers

In the evaluation of how the number of workers and
the parallelization depth affect the solution quality,
we selected six different parallelization depths: at 7p,
100, 200, 300, 400, and 500 nodes as shown in Fig-
ure 2. For each depth, we use 4 different sets of work-
ers containing 8, 16, 32, and the maximum number
of available candidates at the particular depth in the
search tree. Table 3, shows the experimental results
for all combinations of the number of workers and
the depth for disturbance scenario 20. In Table 3, the
different solutions are characterized by the worker id
(i.e. which worker found the solution), the associated
solution value, and the time to find that solution. The
minimum time to find an initial feasible solution and



Table 3: Experimental results for scenario 20 using a time horizon of 90 minutes and 30 seconds execution time, for different
number of workers and parallelization depths.

Depth Nodes Solutions Nodes Solutions
visited (Worker id, cost, time) visited (Worker id, cost, time)
8 Workers 16 Workers
To 8573135 | (2, 27208, 0.24), (3, 27186, 0.49), (0, 23609, 0.52), 7841418 | (5, 27208, 0.56), (11, 27186, 0.84), (1, 23609, 0.91),
(0, 23587, 0.83) (1,23587, 1.22)
100 8048 136 | (7,27186,0.51), (0, 23609, 0.60), (5, 23587, 0.64) 8381525 | (12,27208, 0.14), (8, 27186, 0.56), (5, 23587, 0.77)
200 7334836 | (3,27186,0.16), (2, 23587, 0.23) 8440333 | (1,27208,0.18), (15, 27186, 0.24), (8, 23587, 0.41)
300 4699518 | (6,27208,0.06), (5,27186,0.14), (7, 23587, 0.19) 7816092 | (12,27208,0.07), (11,27186, 0.34), (9, 23587, 0.47)
400 4730399 | (5,27186,0.10), (4,23587, 0.15) 7790739 | (11,27208,0.07), (8, 27186, 0.21), (5, 23587, 0.30)
500 1916 351 (6, 27186, 0.07), (7, 23587, 0.12) 1986419 | (7,27186,0.09), (6, 23587, 0.16)
32 Workers Maximum number of Workers
To 6817627 | (5, 27208, 1.27), (26, 26765, 1.10), (29, 23609, 1.65), 5722240 | (19, 27208, 1.03), (32, 26765, 1.14), (31, 23609, 2.34),
(26, 23166, 2.06), (26, 23144, 2.52) (26, 23166, 2.56), (26, 23144, 3.70)
100 7065428 | (2, 27208, 0.34), (14, 27186, 1.45), (7, 23609, 1.59), 6668 677 | (9,27208,0.33), (6, 27186, 1.43), (5, 23587, 1.83)
(1, 23587, 1.69)
200 7418218 | (1,27208, 0.25), (28, 27186, 0.57), (3, 23587, 0.83) 7160066 | (4,27208,0.17), (7, 27186, 0.70), (18, 23587, 0.72)
300 6626 197 | (6,27208, 0.24), (6, 27208, 0.24), (12, 23587, 0.77) 7044556 | (14,27208,0.11), (20, 27186, 0.52), (8, 23587, 0.73)
400 7547346 | (8,27186,0.48), (5, 23587, 0.69) 7704260 | (6,27208,0.09), (8, 27186, 0.46), (10, 23587, 0.59)
500 2007 587 | (6,27186,0.10), (7, 23587, 0.16) 1911910 | (6,27186,0.07), (7, 23587, 0.13)

maximum time to find an improved solution is 0.06
sec and 3.70 sec, respectively.

6.1.1 Number of Workers

We start by analyzing the effect of the number of
workers, focusing on the results for parallelization
depth Tp. At depth Ty (i.e., the time when the distur-
bance occurs), the number of trains to re-schedule (i.e.
the size of the candidate list) is as large as possible.
For scenario 20, the maximum number of candidate
events is 50, as can be seen in the third column in Ta-
ble 2. Thus, we can potentially explore 50 candidates
(branches/subtrees) in parallel at depth 7p. Looking
at the solutions found by selecting 7j in Table 3, we
observe that both more (5 solutions) and better solu-
tions (a total delay of 23144 s) are found when we
use the maximum number of workers (i.e. 50) and 32
workers, as compared to the solutions found when us-
ing only 8 or 16 workers (4 solutions and a total delay
of 23587). This is also indicated by the fact that it is
worker 26 (which evaluates candidate event 26 in the
initial next candidate list) that finds the best solution.
Therefore, we conclude for this type of disturbance
scenario that the parallel algorithm should explore as
many candidates as possible concurrently when the
parallel phase starts.

6.1.2 Parallelization Depth

When evaluating at which depth in the search tree it is
most beneficial to start the parallel phase, we focus on
the case with the maximum number of workers in Ta-
ble 3. From the results, we can observe two important
things. First, the best solution (23144) is found when
the parallel execution starts at depth 7. Further, it is
only when the parallel search starts as high up in the
tree as possible, i.e., at Tp, that we find this best solu-
tion. Second, looking at the number of nodes visited,
we find that if we start the parallel search too far down
in the search tree, in this case at depth 500, the num-
ber of nodes explored decreases drastically. For this
type of disturbance scenario, we can conclude that the
parallel search should start as high up in the tree as
possible.

One important aspect, which affects the perfor-
mance of the B&B procedure in the algorithm sig-
nificantly, is how the cost estimate, CV,, at interme-
diary nodes in the tree reflects the effect of each de-
cision and the resulting complete solution. That is,
does the optimistic delay estimation provide enough
information to guide the branching procedure well,
so that the pruning and selection of nodes to explore
are effective. As shown in Figure 4, the cost incre-
ment trend is very similar for all solutions up to depth
500 approximately, after that they start to diverge sig-




Table 4: Statistical Metrics
Nodes Visited

No. of Mean Standard 95% CI 95% C 1
Workers Deviation (o) half size

8 8584243 | 90090 7896.58 0.09

16 7749170 | 146961 12881.46 0.17

32 7148119 | 243361 21331.14 0.30

52 6148055 | 515094 45149.14 0.73

nificantly. The higher divergence is found deep in
the tree. The implication of this is that it becomes
harder to perform efficient pruning of non-promising
branches early, i.e., high up in the search tree. Conse-
quently, the efficiency of the algorithm (the sequential
as well as the parallell version) could potentially be
increased by computing additional information about
the ”goodness” of the partial solutions and use this in
the B&B procedure.

6.2 Statistical Analysis

A measurement issue is associated with the second
metric (i.e., the number of nodes explored), because
it is not deterministic when the number of workers is
higher than the number of available CPU cores due to
the underlying platform scheduling policy. To cope
with this validity threat, a statistical analysis is made.
Table 4 shows the results for the number of nodes
visited for different number of workers, averaged
over 500 repeated experiments with standard devia-
tion ¢ and 95% confidence interval. The mean value
shows that the number of visited nodes decreases and
the corresponding standard deviation increases as the
number of workers increases. The meaning of the re-
sults is that when the number of workers are equal to
the number of cores, then the maximum number of
nodes are visited with less standard deviation G.

6.3 Comparative Evaluation

In Table 5, we present the results from a comparative
evaluation between the sequential and parallel algo-
rithm, along with a comparison with the optimal so-
lutions found be Cplex. Note that the algorithms are
only executed 30 seconds, while Cplex are executed
24 hours in order to find the best solution. Cplex did
not manage to provide any feasible solution within 30
seconds. The experimental results in terms of num-
ber of nodes visited by the algorithms, are presented
in the second and third column. The fourth and fifth
column show the solutions (total delay of the trains)
found by the sequential and parallel implementations.
The optimal solutions found by Cplex are given in the

sixth column. The difference in solution quality, i.e.
the delay difference given in time units, between the
best solution found by the sequential as well as the
parallel algorithm, respectively, as compared to the
optimal solution provided by Cplex is presented in
the last two columns in Table 5. Rather than com-
puting the percentage of improvement by the parallel
algorithm and the optimal gap, we find that the re-
duction given in time units provides a more practical
viewpoint of an improvement. That is, a large per-
centage delay reduction is irrelevant to spend time on
if the best found solution value is already as low as
4-5 minutes (e.g. scenario 10), while a small percent-
age improvement is highly relevant if the best solution
found is as large as in scenario 20, as an example.

In Table 5, starting with the quality of the solution,
we observe that the parallel algorithm finds better so-
lutions than the sequential algorithm in disturbance
scenarios 1, 5, 9, 17, and 20 (shown in bold). For
example, the parallel algorithm finds a solution with a
final delay of 701 seconds in scenario 5, while the best
solution found by the sequential algorithm has a total
delay of 930 seconds. Comparing the best parallel so-
lutions with the optimal solutions found by Cplex, we
observe that in most cases the solutions found by the
parallel algorithm are close to optimal.

The other aspect we compare is how large part of
the search space the sequential and the parallel al-
gorithms explore. We measure this by counting the
number of nodes visited by each of the algorithms.
By comparing column 2 and 3 in Table 5, we observe
that the parallel algorithm explores between 4.6-6.4
times more nodes than the sequential algorithm.

7 CONCLUSIONS AND FUTURE
WORK

This study aims to solve the railway re-scheduling
problem efficiently by proposing a parallel algorithm.
The parallel algorithm successfully improves the so-
lutions in disturbance scenarios 1, 5, 9, 17, and 20
as compared to the sequential counterpart. By con-
sidering different candidates concurrently at specified
depths, a number of alternatives are evaluated. Our re-
sults indicate that the parallel algorithm explores sig-
nificantly more nodes of the search space, approxi-
mately 5-6.3 times as many as the sequential version
on an 8-core machine. Further, the parallel algorithm
successfully improves the found re-scheduling solu-
tions for complicated disturbances, and offers supe-
rior performance with limited computational cost.
From the experimental results, we can see that all
solutions were found within 5 seconds, which shows
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Figure 4: The value of the cost function, i.e., the total delay for all trains, at different levels in the search tree for the five

solutions to disturbance scenario 20.

that the algorithm and its parallelized version are very
fast and effective for the considered problem. It also
indicates that the behavior of the algorithm may need
to be modified, and the workers may need to adopt
different, complementary search schemes in such sce-
narios when the disturbance is more complex to solve
(e.g., scenario 20). There are a number of potential
modifications of the approach that may lead to fur-
ther improvements and which we plan to investigate
further:

i) Improve the ranking of the candidates.

ii) Compute better lower bounds and estimates of the
final solution value at intermediary nodes.

iii) Find a correlation between the intermediary node
values, the corresponding node depth and solution
value to enhance early promising exploration and
pruning.

Furthermore, not all workers find a feasible solu-
tion since some of them may continuously get inter-
rupted by new information making them prune its cur-
rent branch and expand on another node further up the
tree. Perhaps it would be reasonable to assign differ-
ent search behavior to some of the workers. Based
on additional information as outlined above, certain
workers could apply a slightly more random and ex-
perimental search strategy (c.f. Simulated Anneal-
ing). The information communicated between and
used by the workers is at this point kept at a minimum.

Some additional information about not only progress
but also unsuccessful moves should be communicated
(e.g., the use of a tabu list as in Tabu Search).
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Abstract

Railway traffic disturbances occur and train dispatchers make re-scheduling deci-
sions in order to reduce the delays. In order to support the dispatchers, good re-
scheduling strategies are required that could reduce the delays. We propose and
evaluate re-scheduling strategies based on: (i) earliest start time, (ii) earliest track
release time, (iii) smallest buffer time, and (iv) shortest section runtime. A com-
parative evaluation is done for a busy part of the Swedish railway network. Our
results indicate that strategies based on earliest start time and earliest track release
time have the best average performance.
Keywords: Railway traffic, Disturbance management, Optimization

1 Introduction

Today’s railway networks are becoming more and more saturated, and even small
single disturbances can propagate and have severe consequences. In case of a dis-
turbance, the trains need to be re-scheduled in order to minimize the delays in
the railway network. Dispatchers make re-scheduling decision by, e.g., changing
tracks, modifying train orders, and changing departure times. The re-scheduling
decisions required depend on the disturbance type, and when and where it occurred.
We have addressed the re-scheduling problem by proposing an optimization-
based approach [1], implementing a greedy depth-first search branch-and-bound
algorithm [2], and implementing a parallel version of this algorithm [3]. These
studies have shown that the performance, i.e., the ability to find a good re-scheduling
solution, is very dependent on which train event that is selected for execution.



Therefore, the search algorithm needs good guidance when selecting the most
promising candidates to re-scheduling at each step in the algorithm. In this study,
we focus on different strategies to guide the search for re-scheduling solutions in
the greedy algorithm. We propose and evaluate re-scheduling strategies based on:
(i) earliest start time, (ii) earliest track release time, (iii) smallest buffer time, and
(iv) shortest section runtime.

The solution quality of the proposed strategies is evaluated using experiments
with data from a busy part of the Swedish railway network. The time horizon
for re-scheduling is 90 minutes and we study 100 disturbance scenarios in three
different categories, i.e., the initial source of delay is (1) a single train is delayed,
(2) a single train has a permanent speed reduction, and (3) all trains are delayed on
a particular section. All consecutive delays are also correctly modeled.

The results show that the strategies that prioritize earliest start time first and the
earliest track release time first have the best average performance. However, we
have found that the strategies complement each other, since none of the evaluated
strategies is superior in all cases. Further, the strategies are sensitive to how large
the initial disturbance is.

2 Related Work

Train re-scheduling during railway traffic disturbances is an important problem.
An extensive survey is done in [4], where published work is differentiated based
on, e.g., infrastructure representation and various traffic properties.

A Mixed-Integer Linear Program (MILP) model is proposed for train re-scheduling
of N-tracked railway traffic during disturbances [1]. In [5], the same model as pro-
posed in [1] is used along with two solution methods: (i) right-shift re-scheduling
to produce the initial feasible solution and (ii) local search to limit the search.

The train scheduling problem can be formulated as a job shop scheduling prob-
lem, as in [6, 7], where train trips are jobs which are scheduled on tracks that
are considered as resources. Two studies [8, 6] addressed the problem from the
perspectives of capacity, robustness, and dependencies. The heuristics and integer
solution methods along with analysis are given in [6]. A variable speed dispatch-
ing system is proposed in [7] to control railway traffic by considering acceleration
and deceleration time in the model. Furthermore, the work in [7] extends [9] with
detailed microscopic and comprehensive models to fulfill additional requirements.

Studies of the computational complexity of disturbance handling in large rail-
way networks are done in [10] and [11]. An experimental study of optimization
(i.e. Minimize delay cost) and myopic based policies (i.e First Come First Served
etc.) concludes that both complement each other [10]. The performance of each
one is dependent on the region and disturbance type. A performance evaluation of
centralized and distributed strategies for dispatching trains is given in [11].

A greedy depth-first search branch-and-bound algorithm is proposed in [2] to
handle the re-scheduling problem. It generates a feasible solution within 30 sec in
most cases. Recently, we have presented a parallel search heuristic [3] based on
the greedy algorithm in [2] to reduce the delays.



3 Proposed Re-scheduling Strategies

The greedy algorithm [2] searches for a solution by trying to schedule all train
events in some order, with the goal of minimizing the final delay for all trains at
their destination. A train event, e, represents a train movement on a line section or
a train stop at a station. In each search step, i.e., scheduling the next event from
a candidate list, the algorithm prioritizes the most promising event. Our strategies
outlined below select the most promising event based on different objectives.

The greedy algorithm [2] works in three phases when searching for solutions: (i)
pre-processing, (ii) depth-first search to find a first feasible solution, and (iii) back-
tracking and improvement search. The pre-processing phase executes the events
that were active at the disturbance time Tj. After that, a lower bound is calculated
and a candidate list (INC, sorted according to one of the proposed strategies) is
constructed. NC' contains the next event to execute for each train. In the second
phase, feasible events from the candidate list are executed one by one. When an
event has been executed, the candidate list is updated with the next event of the
train and re-sorted. The process goes on until a first feasible solution is found. The
algorithm then searches for improved solutions in the third phase using backtrack-
ing and branch-and-bound until the time limit is reached.

Strategy so: sg is the strategy implemented in [2] and gives precedence to
events that have the earliest start time. It has shown effective to find a first fea-
sible solution. The candidate list, NC, with events is sorted with respect to the
following condition: ¢7}"-start < gmin-start “where ¢/ and e represent train
events in NC' and t™"-5ta"t ig the minimum start time for an event e. When
t:}in,start — tg},/in,start’ then ﬁg}in,start + tz/untime < t;rlz/in,start + tzﬁntime is
used as a second criteria. t74"*™¢ represents the section run time of train event e.

Strategy s;: The motivation behind s;, is that strategy so does not consider
track release time. A train with long section run time may delay other trains signif-
icantly. Strategy s; tries to minimize the delay caused by late track release times by
sorting NC according to t7¢le@s¢ < ¢release We divide s; into two sub-strategies:
S1¢ and s1g.

Strategy s1,, calculates the track release time as ¢7¢/¢a5¢ = ¢min-start 4 ystop _
tstart where t5t9"t and t5'°P are planned start and stop times, respectively, of
event e. If a set of events have the same tgele“se, we calculate the release time
as release — gmin-start | yruntime a9 5 second sorting criteria.

A railway network has both station and line sections. Therefore, we introduce
strategy s15. The track release time is different for events on a station as compared
to on a line section. If an event has a planned stop at a station, then we consider its
tstoP otherwise 24", For both types of sections, the release time is calculated
by condition (1), where s, is the section type for event e.

tstop if s, = station and planned_stop = true
-elease __ deviati b
t;e ease _ and teematwn < teuffe'r‘

gmin-start 4 yruntime  gtherwise

e



Strategy s»: A timetable is designed with buffer times to absorb minor delays,
where tbuffer = gstop_gstart_yruntime Girategy s, seeks to take advantage of the
buffer times and also tries to ensure that the buffer times are fully utilized, thereby
aiming at minimizing the delay. The comparison between two events is done based
on the condition: ¢7yin-start 4 ghuffer o yminstart L gbulfer e pehaves as strategy
sg for events with no buffer time.

Strategy s3: The strategy so uses the ¢4 partially when two events have
the same start time. Therefore, we introduce a strategy that is based on the mini-
mum section runtime (i.e. the minimum time required by each train to use the sec-
tion) and it is expected to perform well to minimize the delay. It gives precedence
to event e’ over event e’ as follows: ¢7}in-start gruntime o gmin-start 4 yruntime
Strategy s3 behaves similarly to sg for larger delays.

4 Experimental Methodology

In our experimental evaluation we will address how well the proposed strate-
gies perform regarding re-scheduling the trains. The following main questions
have been addressed: (i) For how many disturbance scenarios do the re-scheduling
strategies find solutions? (ii) How well do the strategies perform relative to each
other in terms of total delay at the final destination for all trains? (iii) How sen-
sitive are the strategies to delay variations and the complexity of the disturbance
scenarios?

4.1 Input Data and Setup

We have considered a dense traffic area of Sweden as shown in Figure 1. The 28
stations have 2 to 14 tracks each except Norsholm with only one track. All stations
are modeled in detail, including forbidden paths into and out of the stations, see
Appendix B in [2]

We use 20 disturbance scenario sets divided into three categories in our eval-
uation, where each set has five delay variations. In total, we use 100 disturbance
scenarios. The sets of disturbance scenarios are described in Table 1. Category 1
has six sets of scenarios where a train has an initial temporary single source of
delay, e.g., a train suffers from a temporary delay at one section within the district.
Category 2 has seven sets of scenarios where a train has a permanent malfunction
resulting in increased running times on all line sections it is planned to occupy.
Category 3 has seven sets of scenarios where the disturbance is an infrastruc-
ture failure causing, e.g., a speed reduction on a certain section which results in
increased running times for all trains running through that section. In all scenarios
and experiments we correctly model all consecutive delays that occur.

The greedy algorithm with the evaluated strategies is implemented in Java with
JDK 1.6. All experiments are conducted on a server running Ubuntu 10.04 and
equipped with two quad-core processors (Intel Xeon E5335, 2.0 GHz) and 16 GB
main memory. We have set an execution time limit of 30 seconds for the algorithm.
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Figure 1: The traffic area in Sweden that are used in the study. It has in total
28 stations, all line sections are bi-directional, wide lines indicate double-tracked
sections, and thin lines single-tracked.

4.2 Performance Metrics

The main performance metric is the total final delay for all trains at their desti-
nation. The performance of each strategy, i.e., S1q, 13, S2, and s3, is compared
to the base strategy sg [2]. We start by comparing for how many scenarios do the
different strategies find any solutions, and if their best solutions are better or worse
than the best solution for sg. We measure the relative performance RP;* of each
strategy s, for each scenario 4, see Eqn (2), where C;° and C;* denote the final
solution value (i.e., the total delay at destination) found by strategy so and s,
respectively. RP;* > 1 means that strategy s, is better than s, and RP* < 1
means that strategy s, is worse than s, for scenario .

We also calculate the relative improvement or degradation p;® for each strategy
s, compared to the base strategy sq for scenario set S; in percentage, see Eqn (2).
Our objective is to evaluate the average relative improvement or degradation /%~
for each strategy s,. The average is taken over all scenarios, N, where solutions
are available.

s s Sx N Sx
RPiSI — C1O fo — (CLOC;OCZ ) % 100’ ﬂsx — 21:1\1/#1, (2)

S Experimental Results
5.1 Number of Scenarios Where Solutions are Found by the Strategies

The overall performance of the different re-scheduling strategies for the three cat-
egories of disturbance scenarios is shown in Figure 2. It shows the number of



Table 1: Description of the disturbance scenarios divided into three categories.

Each set of scenarios has five different delay variations. These initial
delays generate consecutive delays that we also model.

Set ‘ Description

Category 1 - Delay variation 6, 9, 12, 15, and 25 minutes initial delay for a specific train

S1 | Pax train 8762, north-bound, delay Vikingstad-Linkoping, having 16 events
So | Pax train 538, north-bound, delay Linkdping-Linghem, having 20 events
S3 | Pax train 2138, south-bound, delay Katrineholm-Strangsjo, having 9 events
S4 | Pax train 539, south-bound, delay Katrineholm-Strangsjo, having 30 events
S5 | Pax train 8765, south-bound, delay Linkdping-Linghem, having 10 events
Se | Pax train 8764, north-bound, delay Mj6lby-Mantorp, having 20 events

Category 2 - Delay variation 50%, 75%, 100%, 200%, 300% increased running times for a
specific train

S7 | Pax train 8767 w. permanent speed reduction causing increased run times on line sections
starting at Linghem-Gistad, having 13 events

Sg | Pax train 8765 w. permanent speed reduction causing increased run time on line sections
starting at Linkoping-Linghem, having 10 events

So | Pax train 538 w. permanent speed reduction causing increased run times on line sections
starting at Linkoping-Linghem, having 20 events

S10 | Pax train 2138 w. permanent speed reduction causing increased run times on line sections
starting at Katrineholm-Strangs;jo, having 9 events

S11 | Pax train 80866 w. permanent speed reduction causing increased run times on line sections
starting at Linkoping-Linghem, having 35 events

S12 | Pax train 8769 w. permanent speed reduction causing increased run times on line sections
starting at Fiskeby-Norrkoping, having 20 events

S13 | Pax train 539 w. permanent speed reduction causing increased run times on line sections

starting at Katrineholm-Strangs;jo, having 30 events

Category 3 - Delay variation 7, 11, 15, 20, and 28 minutes running time for all trains on a

particular section

S14 | Speed reduction for all trains (i.e. 16) between Linghem-Gistad starting w. train 8767

S15 | Speed reduction for all trains (i.e. 17) between Linkoping-Linghem starting w. train 80866

S16 | Speed reduction for all trains (i.e. 19) between Fiskeby-Norrkoping starting w. train 8769

S17 | Speed reduction for all trains (i.e. 18) between Aby and Norrkoping starting w. train 2138

S18 | Speed reduction for all trains (i.e. 14) between Vikingstad and Linkoping starting w. train
8762

S19 | Speed reduction for all trains (i.e. 14) between Mantorp and Vikingstad starting w. train 8764

Sa20 | Speed reduction for all trains (i.e. 16) between Linkoping and Linghem starting w. train 538

scenarios where solutions are found, and now many of these solutions are better
or worse than sg. The horizontal dotted line shows the number of scenarios (i.e.
83) where the base strategy so found a solution. Strategy sq finds a solution for
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Figure 2: Number of scenarios for with solutions are found for each strategy and
for each disturbance category.

all scenarios of category 1, and it finds a solution in 34 and 19 out of 35 scenar-
ios in category 2 and 3, respectively. The labels on the x-axis represent found (F),
improved (I), and degraded (D) solutions, respectively, for each strategy.

As Figure 2 shows, strategy s, is generally better in terms of number of sce-
narios where improved and degraded solutions are found in each category. The
number of improvements is large for disturbance scenarios of category 1 and cate-
gory 2 because these are less complex and hence, less risk of deadlock. However,
strategy s1,, finds only few improvements (i.e. 10 of 21 found solutions) for cat-
egory 3 scenarios, since they are more complex where all trains on a particular
section are delayed.

The performance of 515 and s3 does not differ for any category of scenarios as
shown in Figure 2. Strategy s15 behaves like s3 when the event deviation is larger
than the buffer time. Strategy s, finds improved solutions in only a few scenarios
(i.e. 11 of 79 found solutions) because it, e.g., prioritizes events that have small
buffer times but large occupation times.

The strategies are not able to find any solution on average for 23 scenarios out
of 100, and most of them belong to category 3. The algorithm goes into a cycle,
which means that there is no event in the candidate list that is suitable to execute.

The results show that s;,, finds 50 improved and 24 degraded solutions of 83
found solutions. Hence, we conclude that the performance of s, in terms of the
number of improvements is better as compared to the other strategies.

5.2 Relative Improvement or Degradation

We want to analyze the performance of strategies in terms of y°~, i.e., average
relative improvement or degradation. The value of i°* is given in Table 2 for each



Table 2: Average relative improvement or degradation in percent, i+, over the
base strategy sq for scenarios where solutions are found.

Strategy ‘ Overall ‘ Category 1 | Category 2 | Category 3

Sla 8% 8% 10.49% 2.06%
$18 1.65% -2.24% 6.28% -1.94%
S2 -36.51% -75.81% -18.41% -3.54%
s3 1.81% -2.29% 6.67% -1.94%

strategy s,. The columns show both ;°+ for all scenarios and for the scenarios
in each category. For each scenario, two strategies are comparable if both find a
solution.

Starting with the overall results, we find that strategy s, has an overall positive
effect on j1°» and is on average 8% better than so. We also observe that strategies
515 and s3 are sligthly better than s¢. Finally, strategy s, behaves significantly
worse (-36.51% worse) than sg. We conclude that track release time seems to be a
good criteria to prioritize when selecting train events to schedule.

Comparing how the strategies behave for each category, we find that the strate-
gies perform the best for disturbances of category 2, i.e., when a single train has a
permanent malfunction causing it to run on slower speed. Strategies s, 513, and
s3 all have better performance than sy for category 2 disturbances. For category
3 disturbances, we find that the different strategies have similar performance on
average, just +4% as compared to sq. Finally, the results also show that strategy
so has much worse performance than the other strategies for disturbance categories
1 and 2, i.e., when a single train causes the initial disturbance.

5.3 Sensitivity Analysis

In the previous sections, we have evaluated the overall average performance of the
different strategies. In order better understand the strategies’ behavior and perfor-
mance we need to do a more detailed analysis of their sensitivity to disturbance
category, scenarios, and delay variation. The relative performance RP;* of the
different re-scheduling strategies for each scenario is shown in Figure 3, where the
base strategy s is the reference line (i.e., the value 1). The x-axis represents the
different scenario sets, St, . . ., Sog, each with five different delay variations.

For the category 1 scenarios, the benefit of the strategies 514, 513, and s3 over sg
decreases as the delay variation increases. For example, RP;* ~ 1.4 for scenario 1
and then RP;’" decreases up to scenario 5. A similar behavior is observed also for
scenario sets S ... Sg. For strategy s, we observe that it generally has significantly
lower performance the sg. We also observe that the performance of s, becomes
more similar to the performance of sy when the delay increases. The behavior is
explained as follows: sy considers buffer times when prioritizing among events.
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Figure 3: Relative performance, RP;’*, of the re-scheduling strategies for scenarios

of three categories.



When the initial delay increases so will the consecutive delays. As a result, the
buffer times will be utilized fully, and strategy ss behaves more as sg. It is inter-
esting to note that the strategies are more sensitive in scenarios of set S, (where
the delayed train has 30 events) as compared to S3 (where the delayed train has
9 events). A train with a large number of events may interact with more trains,
which causes more conflicts, and then the probability of finding an improved solu-
tion decreases. Based on the above observations, we conclude that the performance
of strategies in scenarios of category 1 are sensitive to delay variations and the
number of events a delayed train has.

For category 2 scenarios, we observe a similar behavior for scenario sets Sz,
Ss, and Sy as for the category 1 scenarios, i.e., as the delays increase the more
similar performance have all the strategies. Further, we observe that RP;* < 1
for most of the strategies in set S1; (the delayed train has 35 events) and in set
S13 (the delayed train has 30 events). On the other hand, RP;® > 1 is observed in
most scenarios in set Sg (the delayed train has 10 events) and Sy (the delayed train
has 20 events) as compared to S11, and these four sets have initial delays on the
same section. This indicates that trains with a large number of events interact with
a larger number of other trains, thus increasing the complexity of the scenario. Our
observations indicate that the performance of the strategies is sensitive to delay
variations as well as to the complexity of the disturbance scenario.

For the scenarios in category 3, solutions are found to only few of the scenarios
by any strategy. The reason is that all trains on the disturbed section are delayed
with different delay variations which contributes to the scenario complexity. Thus,
the algorithm either does not find a solution within the execution time limit or
ends up in some deadlock situation that it cannot solve. The solutions found are
generally for relatively short delay variations. This indicates that the performance
of the strategies is more delay sensitive in the scenarios of category 3 as compared
to category 1 and 2.

5.4 Summary and Discussion

Some of the found solutions in category 2 and 3 are interesting to analyze more,
and they are indicated by arrows in Figure 3. Table 3 lists the solutions found by the
different strategies for each selected scenario, where bold means an improvement
over the base strategy sg.

We observe in scenario 34 that strategy s, significantly reduces the total final
delay for all trains as compared to sg. 51, prioritizes events with early track release
times. This is important in order to reduce the consecutive delays for trains with
a large number of events (i.e., they may interact with many other trains). Further,
on a block based section, i.e., a line section with several consecutive blocks, the
scheduling of a train with a large section runtime may increase the consecutive
delay for succeeding trains with small section runtimes. Strategy ss successfully
handles this situation in scenarios 49 and 50. The same solution is found by strate-
gies s15 and s3 in scenario 55 and 67. This is due to the fact that when the event
deviation is larger than the buffer time then both strategies behave similarly.



Table 3: Selective experimental results for a 90 minutes time horizon and a 30
seconds execution time limit (bold means an improvement over Sg).

Scenario S0 s1 52 53
Sla ‘ 518
34 20209 | 4150 | 4376 | 20209 | 4376
49 4962 | 4546 | 2762 | 4891 2762
50 8252 | 4971 4462 | 7810 | 4462
55 16666 - | 14884 - | 14884
67 6627 | 9151 6252 | 6627 6252
71 2772 1207 - - -
87 4833 4938 6491 4742 | 6491
93 13212 | 12941 | 12941 | 12765 | 12941
96 1310 1193 - 1101 -

Strategy s, reduces the delay in a situation (i.e. in scenario 96) when a train
with large buffer times is delayed in favor of trains with small buffer times when
their earliest start time is the same. In scenario 71 and 87, the delay on consecutive
line sections is reduced. A train must occupy the same track as it used on the
previous line section. If the track release time is larger than the time on a second
line section then it contributes to the delay. Branching on different tracks may be
helpful in delay reduction, and this advantage has been observed in scenario 93.

6 Conclusions

In this study we have evaluated the performance of re-scheduling strategies for
train dispatching during railway traffic disturbances. The initial source of delay
is of three types: (1) a single train has a temporary delay, (2) a single train has
a permanent reduced speed on all line sections, and (3) all trains are delay on a
particular section. In total, 100 different disturbance scenarios are evaluated.

Our results show that strategies based on earliest start time and earliest track
release time have the best average performance. The earliest track release time
strategy has on average 8% better performance than the earliest start time strategy.
The strategy based on shortest buffer time has the worst average performance, on
average 36% worse than the earliest start time strategy. Our results also show that
disturbance scenarios where all trains are affected, e.g., an infrastructure problem
on a particular section, are difficult for the strategies to handle. In only 19 cases
out of these 35 scenarios were feasible re-scheduling solutions found.

Our variation analysis shows that the different strategies are sensitive to the
number of events for a delayed train, i.e., a train with many events may cause
consecutive delays for many other trains, and the size of the initial delay, i.e.,



the longer initial delay the more similar is the performance of the strategies. The
quality of solution also depends on scheduling of good candidates on consecutive
line sections in scenarios of category 2 and 3 for consecutive delay reduction.

The analysis also shows that no strategy is superior to the others for all scenarios.
Therefore, a combined approach can a be a promising alternative. In our future
work, we will combine the proposed strategies in the design of parallel algorithms,
where different workers can use different re-scheduling strategies when searching
for good re-scheduling solutions.
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1 Introduction

The branch and bound algorithm from the paper [I], designed to solve the re-scheduling problem
of the railway traffic during disturbances is greedy, the most appropriate train event is chosen to
execute first.

The cost at each node in the branch and bound search tree is the optimistic assessment of the
total final delay and the total number of trains, based on the current partial solution. “A cost
estimation of the solution so far is then computed by summing up the minimum expected delay for
each train. That is, the delay so far experienced by each train minus any future buffer available”
([A). In the search tree the cost of a leaf (the end node) is the total final delay for this feasible
solution found.

It is of our interest to investigate how to improve the “pricing/cost assessment” of the inter-
mediate nodes in the search tree which the greedy algorithm creates. As this branch and bound
algorithm only uses a crude estimation of the objective function value and for many nodes it be-
comes the same so it is hard to tell which nodes that are good to backtrack to and explore further
and which to dismiss. Moreover the cost function tends to change more frequently deep into the
search tree. The reason could be that when a train is primarily delayed the effect on other trains
increases during time. This fact has been stated in the article [2]: “Using the cost function (i.e., the
total delay for all trains) we examine the performance of different solutions. The cost increment
trend is same for all solutions up to a deep depth (approximately 500 in our case scenarios), after
that they start to diverge. The higher divergence is found deeper in the tree. The implication of
that it is difficult to do efficient pruning of non-promising branches early, i.e., high up in the search
tree. Thus other cost functions should be considered in future work.”

Examples on potential “quantitative indicators” could be how many trains that are delayed,
how the average delay changes, what the actual delay is, etc.

The aim of the work presented in this report is to improve the cost assessment of the inter-
mediate nodes in the search tree, enhance local search by looking ahead for each possible local
choice.

2 Backgrounds: A multi objective branch and bound

Looking through various literature with the key word branch and bound and combinatorial opti-
mization an interesting expression for a meta-heuristic greedy algorithm called pilot method came
up. The term pilot method is generally used to define looking ahead for each possible choice build-
ing a feasible solution of a combinatorial optimization problem. It can be interpreted as creating an
upper bound at each node using a sub-heuristic, visiting child nodes whose cost, fall within a cost



bound to be determined at each step - i.e., search more intelligently. The pilot method is a parallel
procedure to the branch and bound, with the same procedure as the branch and bound rule except
that at each node the sub-heuristic here bounds each subproblem with an upper bound ([3]). If
we intend to use this nice idea in our branch and bound algorithm we will need a sub-heuristic
at each node to give an upper bounds together with the existing lower bound that the classical
branch and bound algorithm calculates.

Another interesting term appear frequently in the literature is the multi objective branch and
bound (MOBB) (e.g., [4]). The multi objective branch and bound seems to be a suitable choice as
our aim is to simultaneously optimizing two or more objectives with subject to certain constraints.

In the branch and bound process we intend to evaluate each (partial) solution z in the set X
of feasible (partial) solutions by p objective functions f(z) = (f1(z),..., fo(x)).

Definition 1. An element u in the set RY is said to be dominated for some v € R if {Vi €
1,...,p,v; < u;}, and non-dominated if no such v exists.

Definition 2. Within a set Y € RE , a Pareto Front is a curve of non dominated integer elements.

In multi-objective integer linear programming one has to find the Pareto Front of &', denoted
by X*, i.e., one looks for each point in Y*, where Y* = f(X*) (i.e., set of optimal Pareto Front).
Therefore instead of a single incumbent as in the single objective branch and bound, the set UB
of the best (non-dominated) solutions found so far is saved during the multi objective branch and
bound.

In our single objective B&B there are 2 criterion to dismiss a node: fathom by in-feasibility
and fathom by worst/equal objective. The main idea in multi-objective branch and bound is the
separation of the reachable and improving solutions where the reachable solutions are the ones
driven from the partial solution of the current node in the B&B tree, and the improving solutions
are the solutions that are not dominated by UB. Precisely, a node can be discarded if a separation
hyperplane in the objective space can be defined between the set of feasible solutions in the subtree
and the set of points corresponding to the potential Pareto optimal solutions.

Definition 3. The vector u! such that u! = min,cyu;, fori =1,...,p, is called the ideal point
of V.
Definition 4. The vector uY such that ul¥ = max,cy u;, fori=1,...,p, is called the nadir point
of V.

Definition 5. The vector wsN

a semi-nadir point of Y.

such that w?N = max (u;,v;), Vu,v € Y and i =1,...,p, is called

The multi objective branch and bound (MOBB method) is identical to the original version in
the branching part but differs in the bounding part. The role of bounding is of great importance,
as at each node of the search, some computations are unavoidable to prove that all solutions
enumerated in the subtree of the current node are unable to improve the current UB.

Initialization: We need to start with some good feasible solutions i.e., initialization of the set
UB. A feasible solutions can be computed with the greedy algorithm(e.g., see [I]), evaluated with
the weighted sum of the objective functions. The first feasible solution and its neighbours given
by our greedy algorithm can initialize the UB. Semi-nadir points of the set UB then need to be
calculated.

Bounding and dismiss a node: Semi-nadir points creates an upper bound to the space of
potential feasible solutions. A (partial) solution is compared to the current worst semi-nadir cost
of the best feasible solutions, (can be computed by weighted sum of objectives) and only if this
solution is worst than the current worst semi-nadir point then it can be fathomed (a separation
hyperplane exists).

Updating: Pareto Front does not exists in the single branch and bound algorithm. So while
backtracking in the search tree two main tasks should be done: (1) decide if a (partial) solution
is worse than the worst semi-nadir points; (2) add one integer point to an existing Pareto Front,
delete the dominating solutions in the Pareto Front, and update the semi-nadir point list. (i.e., A
new feasible solution z is found at some node, if it is not dominated by any u € UB its cost f(x)



Figure 1: Pareto front and its semi-nadir point list, + points are integer points and * points are
semi-nadir points. Reference [5].
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is included in UB. All the costs v € UB such that u is dominating f(z) are removed from UB
once f(z) is inserted.)

We do not explicitly use the procedure described above but rather try to introduce a new cost
function with the intention that this new objective function gives us a better indication of the
partial solutions in the tree and by using the basic idea behind the multi objective branch and
bound try to minimize both the original cost function introduced in [I] and this new cost function.

3 Minimizing future conflicts

In the trains timetable there is usage of two trains of the same section at the same time, but these
overlap of time for two or more trains at the same section is feasible as this section has a couple
or several tracks. A delay of a train may result into infeasible conflicts of infrastructural resource
requests for trains. In the short report [6], an idea to minimize the conflicts of the resources in the
non-periodic train timetabling problem for a long horizon time has been presented. The definition
from [6] describes the concept of conflict nicely.

Definition 6. If two trains are scheduled in a way such that both need the same resource(track
or other entity of the network) at the same time, they are said to be in conflict. The number of
seconds they are in conflict is called the number of conflict seconds.

Let us assume we are at the beginning of the time when at least one train is delayed. We know:
1. How many trains are delayed and how much the delay is, in seconds.

2. We have a start time and end time of each train resource request; initial start time for trains
that are not delayed and we have an approximation of minimum possible start time and end
time of train events for those trains that are already delayed. So we can compute how many
conflicts a train which is late according to its timetable will cause and how much (in seconds).

3. We have a primarily order of trains according to the scheduled timetable, we have build the
candidate list according to these orders.

4. We have number of train events for each train and number of section events for each section.



5. We know the section capacities, so

Total number of section events for section j

. - j € B; 1
capacity of j J ' (1)
can estimate how much a section is dangerous in terms of spreading conflicts, we will not
explicitly use this dataE|

We decide the followings during finding the feasible solutions through the branch and bound
strategy implemented in the greedy algorithm:

1. We will decide allocation of the tracks to trains in the process.
2. We will assign new start time and end time for each event of each train if necessary.
3. We may change the order of trains.

When two or more trains request capacity in a way that cannot be satisfied simultaneously, we
would use the term of conflict. We wish to minimize the conflicts that delay cause. An idea for the
cost function is to minimize the total amount of time during which the resource is over-allocated.

let Bk’ 7 be the binary variable and = 1 if a train event k£ € K; for the train 7 € T" have a request

for the same section at the same time as the train event k € K 7 for train i €T, (overlap in time
of usage) and = 0 otherwise.

Let NrO fConT; be the number of conflicts for train ¢ € T' and NrO fConS; be the number of
conflicts for section j € B, with the initial values 0. Let w), j, measures the total amount of time

in which the delayed train i has a request to use the same resource as the train 7. Please note that
i can be a delayed train as well. Let bi™ and €™ be the initial planned start time of event k of
train i on section j and let b7 be the minimum possible start time of event k. dj specifies the
minimum time of the operation time of event k and secIndezx; j gives the section index of event £
in the list of train events K; of train 3.

Algorithm [T computes the number of conflicts and amount of conflict in seconds for each request
of the same resources at the same time of train i € T which is delayed and another train ¢ in the
list of trains T

Algorithm [I] can be repeated at each node in the branch and bound process which could give
us an ahead look of future conflicts. The idea is at each node the following computations should
be done. Let §; =1 if train i € T is delayed and = 0 otherwise.

How much in seconds all delayed trains have caused conflict:

Z 0iBy Wy €T (2)
kEK:i
ieT
i#7
Estimation of future conflicts (can present the risk of spreading delay by one delayed train or
seriousness of a train delay on a particular section):

Z N’I"OfCOnSsecI'n,del'i,k

capacz‘tysecIndewi,k

3)

keK;

for i € T where i is delayed and k is an active or a waiting event. The equation equals risk; in
the Algorithm

How much the total expected conflict is, can be answered with the total actual conflicts and
an estimation of the influence of those conflicts. So now we can introduce our new cost function:

e Minimize total amount of conflicts,

Minimize g E 0B Wy i» (4)
keK; keK;
i€T jer
i#i

IThe standard UIC 406 methods can be used for calculating the capacity consumption on the railway lines for
the time horizon of our problem.



Algorithm 1 (Computing amount and number of train conflicts and risk of conflicts at each node)
Step 1: Fori € T and i =1,..., NrT, where T is the set of trains and NrT is the total number
of trains, set NrOfConT; = 0, NrActiveDelayedT = 0 and risk; = 0;

Step 2: fori=1,...,NrT,andV ke K;,Yiec T and V k € K, such that 7 # i: Let wy, ;= 0;
If i € T is delayed and has an active event,

Let §; = 1 and NrActiveDelayedl = NrActiveDelayedT + 1;

Do:

1. For all sections j € B and j =1,...,NrS, where B is the set of sections and NrS is the
total number of sections, let NrofConS; = 0.

2. If event k € K is active then for t =k, ..., NrofTFE;, where NrofTFE; is the total number
of events for train ¢, Do:
for j = secIndex; , and ke L;», and k ¢ Kq1,...iy, where L} is the list of the remaining
waiting events of section j,

(a) If b;nm S mam(bg‘”, b;}nm) and b;”i" + dt Z mam(b;;cmt, bgzin),
let w, j = 0" +d; — max(b;;””, bg””);

(b) If byvim > max(b%””, bg”") and bMin < max(e?—c””, bg”" +dy),
let: w, = max(e, bT"™ 4 dp) — by

If w, 3 # 0; then:

Let Bt,fv =1,

Let NrOfConT; = NrOfConT; + 1;

Let Nrofcon‘s’seclndea:i,t = NTOfOOnSseclndexi,t + 17

When ¢ has been compared with all the waiting events k on j then:
Nrofconsseclndewi’t .

risk; = risk; :
v it Capacztysecfndewi,t ’

let t =t+1;

3. For ¢ € T delayed: print risk; -The risk that delayed train ¢ cause in terms of causing
secondary delays to other trains or resulting in more deviation of its original timetable.
Print NrO fConT; -Total number of conflicts that the delayed train 7 has.

Print NrActiveDelayedT -Number of delayed trains that are active.

Step 3: Compute the total amount of conflict:

Z Z 51'51@,1%“’1@,127

kEK; kEK;
€T ger
i+

Z 5irisk‘i,

€T

Compute the total risk:




e Minimize total expected conflicts or the estimated future conflicts,

NT’OfCOnSsecInde$i,k

Minimize E 0; - = Minimize g o;risk;, (5)
kEK; Capac”yseclndewi,k ieT
i€T

e We will combine the two cost functions and into a new objective function as:

Minimize . d;riski > By iwy i (6)
keK; k‘GK;
ieT ieT
i#i

The equation @ (we can call it, minimizing the risk of future conflicts) minimizes the
amount of conflict with the weight of risk of spreading more delays into the timetable. This
new objective function makes sense as the amount of future conflicts plays a role in increasing
the total delay when the ratio of the number of conflicts on a section to the capacity of that
section is higher.

One can: Minimize(weighted total amount of conflicts + total delay) as we should also check
and minimize the total delay of trains as well. We would like the new timetable to be optimal in
sense of deviation from the original timetable as little as possible. Note that with less conflict we
will have more robustness in the timetable. It is of importance how to define the weights in this
case so that both would be in the same scale, to achieve this first we propose the scale of 1—10.

Minimum total expected delay is monotonic and non decreasing. Total amount of future con-
flicts may decrease or increase, if a new train get a positive deviation from the original time table
when executing a new event at one node in the search tree; But, in total the conflict values will
decrease in which when a complete feasible solution is in hand we only have the total delay and
the conflict values will be zero. This is because, the number of conflicts or the amount of conflicts
in seconds would be zero when all events of a delayed train are executed. Since there is a difference
in the property of these two functions which is one decreases and another increases, it dose not
seems a good idea to simply add these functions and define a new cost function.

Other suggestions for the objective functions are:

e Minimizing the changes of average delay: Minimum expected delay for each train divided by
the total number of trains delayed.

e Minimizing the changes of average conflict for each train: Sum of Conflicts for each active
delayed train divided by the number of active delayed trains at each node.

In addition to all the statements above we have to mention that using the multi objective theory
seems more accurate, as well as more suitable, so that one compute several cost function values
and do not lose the essence of minimizing total delay and as much less divergence as possible to
the original time table with respect to the trains arrival a their final destinations.

This is how we suggest to proceed: Let us take the two objectives, scaled estimated future
conflicts weighted by risks @ and the minimum expected delay computed at each node by the
greedy algorithm. Assume that at each node we have a pair of these two values x = (x1, z3), we
compute the Euclidean norm of this pair as follows.

2]l = /% + 23 (7)

This euclidean norm can substitute the previous node value (total expected delay) and help
us in the backtracking phase of our branch and bound process. Note that the maximum norm
(infinite norm) of z is computed by ||2|cc = Maz (|21, |22]).

At the same depth when comparing two siblings nodes = and y in which ||2||cc > ||¥]|co, nOde
x can be cut off if and only if for x = (x1,22) and y = (y1,¥y2), 1 > y1 and x2 > y. One node
with larger conflicts value comparing to another node at the same tree depth and with the same
minimum expected delay can be prioritize to branch first in the tree because as larger conflicts



value in the future of train events, more causing secondary delays and we may end up with a lower
total final delay.

Suggestion to improve choice of executing event at one critical point: In the article
[1] the conflict of interest of two trains in occupying one resource has been handled by computing
their potential delay on that section when one train is prioritized over another. The estimation
of future conflicts at each step could be really helpful when we want to prioritize one train over
another and choose to delay one train more or delay a train which has been on time up to the time
of this decision in favor of an already delayed train. Because we not only look at the conflict of
events at the current section but also the two trains future events on other sections.

4 Experimental evaluation

4.1 Stepl: Test the new values

We have computationally test all the values at each node to obtain the first feasible solution in
the depth first search branch and bound algorithm. The reason is that for now we wish to observe
how the node values changes when going down into the tree. The example is chosen from the delay
scenario 20 with a one hour time horizon.

Figure 2: Graphs of values: minimum expected delay and formulations and @, computed at
each node
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Figures [2| and |3| shows the values computed at each node with the formulations and @,
these values oscillates more at higher nodes in the tree as more trains became active and the
number of delayed trains increases.

The graphs for average conflict and delay values at each node are illustrated in Figure

The Figure 5| shows that summing the minimum expected delay and the scaled future conflicts
weighted by risk values could cause unstable oscillations. The Maximum norm of the two cost
functions values at each node of the tree can be seen in the plot in Figure [6]

The Euclidean norm computed for the two cost functions minimum expected delay and scaled
future conflicts weighted by risk values is illustrated in the Figure
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Figure 4: Graphs of average delay and average future conflicts computed at each node
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Figure 5: Graph of the sum of two values: minimum expected delay and risk of conflicts formula
@, computed at each node
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Figure 6: Graph of the maximum norm of two values: minimum expected delay and formulation
@, computed at each node
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4.2 Step2: Solutions to different scenarios

In section [3] we have developed a new cost function for the branch and bound algorithm that solves
the re-scheduling problem of the railway traffic during disturbances, it has been defined as follows.

In the original algorithm node values are computed by the sum of minimum expected delay for
each delayed train (for details of the computation of minimum expected delay please see Appendix
A in [I]). The new suggested cost estimation at each node (the partial solutions) has been defined
as the Euclidean norm of the pair of the original node values and weighted risks multiplied by
the future conflict values of each delayed train. I.e. we consider two different values, one is the
minimum expected delay for each train and other is the seriousness of the conflicts which delayed
trains cause; then to minimized both, we consider a two dimensional space which each coordinate
represent one of these values, so we compute the distance of this pair to the origin, i.e. the
Euclidean norm. In the search tree at each node both values are computed and then the Euclidean
norm of this values is assigned to the nodes as the new estimation for the node values. i,e,:

Minimize ||(Minimum expected delay, K Z d;risk; Z B i Wy i) |l2- (8)
kEK; kEK;
€T ieT
i#i

Where 3, ; is the binary variable so that = 1 if a train event k& € K; for the train i € T have a

request for the same section at the same time as the train event k € K 7 for train ieT, (overlap
in time of usage) and = 0 otherwise and wy, ; is the total amount of time of conflict in seconds.
The constant value K is an arbitrary weight given to the value of risk of conflicts. Also d; = 1 if
train ¢ € T is delayed and = 0 otherwise. The value risk; can be computed from the equation
Here we would like to investigate how these new cost values effect on the branch and bound
in the backtracking phase and especially on the improvement of the solutions; therefore, in the
branch and bound algorithm the original node values (minimum expected delay) is replaced by the
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Figure 7: Graph of the Euclidean norm
@, computed at each node
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new node values given by the equation [8]

We simply replace the old node values (minimum expected delay) with the new values (),
so the new values are assigned to each node at each step of the search process and perform the
backtracking with this new values. Different scenarios refer to 3 different categories of train delays.
Category 1 refer to a situation when a train suffers from a temporary delay at one section; trains
which suffer from a permanent delay on all their line sections fall into category 2 and the cases
when there is an infrastructure failure on one section and cause all the trains passing that section
have a positive deviation from their original timetable are called category 3. Situations as the
category 3 is less frequent but make serious impact on the scheduled timetable. Scenarios 5, 15,
17, 19 and 20 has been chosen from different categories to represent different examples of when a
train is delayed. Scenario 5 is chosen from category 1 and scenario 15 from category 2, scenarios
17, 19 and 20 are chosen from category 3.

Table 1: Comparison between the original and new cost values in the branch and bound process
computation time 30 seconds and different weights K = 0.1,0.001

Scenario| Time [Max depthllst Feasible Sol Original Final delay |[New Final delay K = 0.1New Final delay K = 0.001
Best Sol & Nr d-Traing Best Sol & Nr d-Trains | Best Sol & Nr d-Trains
05 90 m| 575 1174 686-3 1174-1 1174-1
15 90 m| 570 1680 1611-1 1680-2 1680-2
17 90 m| 570 7338 7265-10 7338-10 7306-10
19 90 m| 567 28883 28740-14 28740-14 28740-14
20 190 m{ 560 21922 21247-18 20752-20 20268-20%*
20 160 m| 369 10386 9281-10 9281-10 9281-10

Delayed trains in the Table [1] are referred to those trains that have arrived at their final desti-
nations with more than 1 minute deviation from their planed arrival time at their final destination.

Table [T] shows the comparison between solution to the branch and bound algorithm with new
values and original ones for scenarios 5, 15, 17, 19 and 20 in a 90 minute planning time horizon
and scenario 20 with 1 hour time horizon with different weights in the cost function. Obviously
with K = 0.1 using the new values for the backtracking phase fails to improve the first feasible
solution in scenario 5, 15 and 17. For scenario 19 and 20 with 90 minute time horizon and scenario
20 with 1 hour time horizon the best solution found is the same as the original version. Only using
the new values in the backtracking phase seems to be beneficial for the example of scenario 20
with 90 minutes time horizon, the solution is improved and the optimal gap is smaller. A complete
computations for all scenarios can be seen in the Appendix.

Note that scenario 20 with 90 minutes time horizon is a hard example of our NP complete
combinatorial problem. The computation times are set to 30 seconds for the solutions reported in
Table [

We can say that computation of the conflicts and risks give a good overview for the delayed
trains in the short time window of future but so many trains start or finish their journeys and
the number of delayed trains and the sum of amount of conflict changes that may be make these
values not consistently reliable in the search. It can be suggested that in our depth first strategy
search tree with the new values the backtracking can be performed in different divisions of the tree
where the number of active delayed trains is constant and then the best solution for that specific
divisions of the tree is found then we choose that branch to continue.

4.2.1 Weights in the cost function

In column 6 Table [I} when considering the future conflict values for trains and summing them
up, we have scaled this values by %. This choice seems natural as conflict values are in seconds,
the same as the sum of the minimum expected delay, although they may be very larger. The
conflicts are multiplied by the risks which are in our time horizons, 1 digit numbers or a small
2 digit number. But it is of our interest to investigate the affects of weight of conflict values in
the new cost function. The answer to the question “should the higher weights be given to the
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minimum expected delay or the conflicts” is that conflict values have a decreasing essence and
their rate of change is high when drawing the graph of conflict values versus depth of the search
tree; minimum expected delay is on the other hand, monotonous and non-decreasing. Therefore
minimum expected delay is weighted higher as in [§]it has been weighted 1 as the conflicts of risks
has been weighted a small value and less than 1. Let us weight the risks multiplied by the future
conflict for delayed trains very small, say 0.001. This scale is chosen as the the risks multiplied by
the future conflict for delayed trains could be as big as 4 digit number which at the end drops to
zero. This weight can be interpreted as a meaningful perturbation to the original node values.

The solution in column 7 Table[I shows an even better solution for scenario 20 with 90 minute
time horizon, the smaller weight also resulted in finding a better feasible solution for scenario 17
although other solutions in column 7 in Table[l}is as same as column 6.

Figures shows the feasible solutions found for scenario 20 in a 90 minute time horizon
with different weights. For all the feasible solutions which has been found by the algorithm, the
node values at each node is plotted in the same graphs. Figure [I0] with the 0.001 as the risks and
conflicts weight, comparing to Figure |§| shows an smoother values as the new node values (norm
values).

Figure 8: Feasible solutions of Scenario 20 with weight 0.1, minimum expected final delay versus
tree depth, backtracking with the new cost function
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In total a smaller weight in the objective function [8] has resulted into better improvements in
the final solution, comparing columns 6 and 7 in the Table[I] Also, as seen in Figures[J] and a
smaller weight (K in equation [§]) gives a smoother behavior in sense of changes in the node values
as the depth of the tree increases.

We have chosen scenario 15 and scenario 20 to investigate more since using the new cost
function in the backtracking phase has failed to improve the first feasible solution in scenario 15
but in scenario 20 an improved solution has been obtained. In other words we want to see what
happens in the backtracking phase for these two scenarios.
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Figure 9: Feasible solutions of Scenario 20 with weight 0.1, New node values (Eq. versus tree
depth, backtracking with the new cost function
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Figure 10: Feasible solutions of Scenario 20 with weight 0.001, New node values (Eq. versus
tree depth, backtracking with the new cost function
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4.3 Scenario 15

In this section we would like to investigate and find an answer to the question “Why using the
new cost values at each node in the backtracking phase fails to improve the first feasible solution
in scenario 5 or 15 where only 1 or 2 trains are delayed”. Figures [[1] and [I2) shows the minimum
expected delay and the new values (norm of minimum expected delay and conflict values) for the
2 different feasible solutions obtained by backtracking to the depths with lower original value (i.e.
minimum expected delay).

It can be seen from Figures[TT]that with only one train originally delayed the minimum expected
delay does not change dramatically, while the depth of the tree increases. The first feasible solution
correspond to a large deviation to the train schedule which suffers from a permanent delay and
a secondary delay to another train. Backtracking results in a solution with only one train delay,
that is the originally delayed train. The conflict values are computed at first for this train only
which is decreasing with a considerable slop, the secondary delay happens deep in the tree and the
amount of future conflicts is small for this train. Therefore not surprisingly the conflict values are
dominating the values of minimum expected delays as they are large, Figure [12]illustrate this very
well. Changing the weights has seem to have no influence on this factﬂ This is the main reason of
the failure of the backtracking for scenario 15, e.g. compare Figures [11] and

Let’s remind that in a branch and bound algorithm for a minimization problem with the depth-
first search strategy, the search is optimal when the node costs are a non-decreasing function of
the depth of the node, e.g. scenario 20, with new values and scenario 15 with original values. One
could at this point suggest that hybridizing the search with a best first search strategy instead of
using the pure depth first search strategy would be beneficial.

Figure 11: Feasible solutions of Scenario 15 with weight 0.1, Estimated final delay versus tree
depth, backtracking with the original cost function
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IThe author also failed to get an improvement with backtracking using the minus of the node values or trying
to bound the starting point of the backtracking to an specific range of tree depth.
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Figure 12: Feasible solutions of Scenario 15 with weight 0.1, New node values versus tree depth,
backtracking with the original cost function
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4.4 Scenario 20

In the section [I.2] a better solution in term of the optimality gap compared to the original version
of the branch and bound algorithm has been found for the scenario 20 with 90 minute time horizon.
Therefore, it is of our interest to follow the backtracking procedure in both search trees with node
values of minimum expected delay and the new node values where the conflict values and risks has
been considered together with the minimum expected delay (from equation .

For scenario 20 in the original search tree after the first feasible solution has been found with
backtracking to the node with value lower than the value for the best complete solution, 3 other
feasible solutions with improved final solutions has been found and in the search tree with new
node values after total 30 seconds computation time 11 feasible solutions has been found, ie., the
backtracking phase has been carried out using the values computed by the equation [8] The details
of the backtracking phase when an improved solution has been found, for the two search trees, can
be seen in Tables [2] and [Bl

Table 2: Scenario 20, improving of solutions in the backtracking phase in the original algorithm,
total number of feasible solutions found is 4.

Nr | Final delay | Branch Index | Minimum expected delay
1| 21922 N/A N/A
2 21880 304 7639
3 21289 85 6299
4 21247 303 7790
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Table 3: Scenario 20, improving of solutions in the backtracking phase in the branch and bound
algorithm with the new proposed values from equation |8 total number of feasible solutions found
is 11.

Nr Final delay Branch Index Node Values from Eq. H
1| 21922 NJA N/A

2 | 21880 304 7639.0057
3 | 21479 13 6114.0096
4 | 21437 303 7980.1743
5 | 20961 86 6299.0245
6 | 20919 294 8864.0720
7 | 20752 282 8805.0534
8 | 20710 293 8864.0136
9 | 20332 206 8512.1995
10 | 20290 292 9008.0768
11| 20268 247 8734.0890

The 4 feasible solutions found with the original algorithm has been plotted in Figure Figures
and [10] can be compared together which show the two node values versus tree depth for all the
feasible solutions obtained by the original algorithm and the algorithm with new node values.

A fact which can be seen from Figure[I0]is that we can not conclude that from two sibling nodes
at a certain depth the one which has less cost than the other one, can lead to a better solution at
the leaf of the tree. E.g., the first feasible solution for this example of scenario 20 has the value
6299.0008 at depth 88 with the final solution of 21922 total delay in seconds, and the best solution
has the value 7508.0016 at the depth of 88 but the total final delay of the best solution is 20268
seconds.

4.5 Step3: Possible conflict of interest

The analysis of conflict of interest for two trains competing over one infrastructure resource is
already taken care by the model. If a candidate event is scheduled at a section with one available
track, then it is checked if there are any other event also scheduled at that section, who has an
earliest possible start time which is smaller that the predicted termination time of our candidate
event. When this conflict of interest is detected, the potential consecutive delay is computed for
both trains at that section. If prioritizing of executing the first event on this section result in a
greater delay time for the other train, i.e., the second train suffer more-if executed later on this
section- than the first train gain when executed first, then it is logical to give priority to the second
train to occupy this section although the first train had a smaller start time on this section. For
details on how to compute the consequential additional delay in the case of conflict of interest
please see [I].

In the original branch and bound algorithm the consecutive delay is only computed for the first
candidate event and the first next event which a conflict of interest is detected with it; and does
not consider how many waiting events do those trains have, and on which sections. The idea is
to compute the future amount of time which these two trains have conflict with other trains and
on which sections, also dose these sections have more than one available tracks? I.e., we want
to compute the conflict and risks for their waiting events on the future planned sections. This
conflicts are computed ignoring the fact if the train is already delayed or it is on time according
to the initial timetable.

Previously the priority was given in case of interest of conflict between two trains to a train
which would have less total delay if executed first on the next section. We keep this logic when
the time of future conflicts of this train multiply the risk of the sections it has waiting events on,
is less than the other train. Now also in a case when a train would have a greater predicted delay
on that section if it has to wait for another train to pass the section but has less future conflicts
and risk on it’s remaining sections then we give priority to it.
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Figure 13: Feasible solutions of Scenario 20, node values versus tree depth, backtracking with the
Original node values(minimum expected delay)

« 10t Minimurm expected delay at each node for 4 feasible solutions scn20-90 min original backtracking
AT -
1st feasible solution
2L 2nd feasible solution
Jrd feasible solution
4th feasible solution-Best
18+
16~
)
@
=
T
=
o
S 14
w
c
=
o
12+
1 f
08
05 e B | | | | |
1] 100 200 300 400 500 BO00

Tree depth

19



The results of such experiment is given in Table ] The computations are done with the new
cost function and backtracking according to these values with weights 0.001 and the computation
time is 30 seconds (See section [4.2.1)).

Table 4: Solutions with new priority when conflict of interest for two train occur, computation
time 1 min and weights 0.001.

Scenario Time Lower bound Solution
1st Feasible Sol Nr of Feasible Sol Best Sol Nr d-Trains
5 90 201 1321 2 1174 1
15 90 1371 1827 2 1680 2
17 90 6534 7466 2 7338 10
19 90 9270 28817 2 28770 14
20 90 6114 21317 4 20978 17
20 60 4694 10386 6 8516 10

The results in Table [] shows a different first feasible solution than the solutions of the original
version of branch and bound. In scenarios 5, 15, 17 we have a worse first feasible solution and in
scenario 19 and 20 a better first feasible solution with one and half hour of planning time horizon.
In scenario 20 with 1 hour time horizon the first feasible solution is the same. Scenario 5 and 15
give the same solution as in Table [I] but a worse solution for scenarios 17 and 19 has been found
in 30 seconds computation time. Although for scenario 20 with 90 minute time horizon a worse
solution in term of total final delay is found (comparing 20978 s and 20268 s) but the total number
of delayed trains is reduced from 20 to 17. Solving the scenario 20 with 1 hour time horizon give us
a better feasible solution with 8516 seconds delay in total for 10 trains comparing to 9281 seconds
for 10 trains.

The results of this experiment for all the scenarios has been reported in the Table [} No
improvements in the sense of the optimality gap in the final solutions has been seen for any
scenario for a 90 minute planning time horizon. It can be suggested that also a test for smaller
time horizons for different scenarios and another test in the original branch and bound algorithm
with the strategy as described in this section in prioritizing the trains differently when a conflict
of interest occurs can be done.

4.6 Step4: A different cost function — Is it an asset to use average values

In solving the rescheduling problem, certainly one objective is to have fewer number of trains
delayed as well as minimizing the total final delay of all train, therefore it has been of interest how
to use the information of the total number of trains delayed in the backtracking process. It has
been suggested that minimizing the changes of average delay could be used as an indicator for the
backtracking phase, i.e., minimum expected delay for each train divided by the total number of
trains delayed. In this section then we have investigated the solution behavior using the average
delays. Table [5] shows the results for the examples from scenarios 5, 15, 17, 19 and 20 with a 90
minute time horizon.

Table 5: Solutions with Minimizing the changes of average delay in the branch and bound algorithm
with computation time 30 sec, Time horizon for all scenarios is 90 minutes.

Scenario Nr of Feasible Sol Best Sol. Average Best Sol. Final delay Best Sol. Nr d-Trains
5 8 281.5 1689 6
15 1 840 1680 2
17 4 630.92 7571 12
19 12 1711.29 29092 17
20 7 1037.6 20752 20

20



It can be easily seen from Table [f] that using the average values as the node values in the
backtracking phase and searching for an improved solutions results in finding worse solutions in
terms of total final delay, as the solutions having a larger number of delayed trains gives a smaller
average value and would be accepted as an improved solution. The author suggests that total
number of trains delayed or the average delay can be added as new dimensions to the bi-objective
function which we already had defined, and using Euclidean norm of all these values, although the
computational tests run on these examples lead into the same solutions as in Table [I]

5 Discussions and conclusions

In this report a new cost function for the greedy branch and bound algorithm from [I] has been
developed (equation |8) and some tests have been done to investigate the behavior of the algorithm
with the new cost function. The results of the solutions to different scenarios has been presented
in Table [f] in the Appendix. An improved solution has been only observed for the Scenario 20 in
the 90 minute planning time horizon.

The weights in the cost function [§] as seen in section [£:2] plays a role in the behavior of the
algorithm; therefore, parameter tuning and sensitivity analysis should be considered in the future
work.

For improving the backtracking phase one can divide the search tree into parts where the
number of active delayed trains is constant and perform the backtracking in different parts of the
search tree and find the best branch for that divisions of the tree and then continue that branch
to obtain the final solution.

As mentioned in sections and [3] we can not conclude that from two sibling nodes at a certain
depth the one which has less cost than the other one, can lead to a better final solution. In the
branch and bound algorithm in hand, only a depth first search is carried out prioritizing branching
from a node with a value less than the best solution found so far. Two suggestions can be made
at this point one is to hybridizing the search with a best first search strategy instead of using the
pure depth first search strategy and secondly one can use the idea in the Backgrounds section [2]
where a multi-objective branch and bound procedure with a saved pool of feasible siblings at the
depths when the child node values differ from their parent values has been described.

Appendix

The Table [6] shows the computations for examples from all the scenarios 1 — 20 with the settings
from Section i.e, the original values has been replaced by the new node values. The trains
arrived at their final destination with less than 60 seconds positive deviation from the original
timetable are assumed to be on time.

1: Note that a train with 31 seconds deviation from the timetable is not considered as being
delayed by Trafikverket.

The complete computations for all scenarios (1 — 20) from Section is reported in Table
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Table 6: Comparison between the original and new cost values in the branch and bound process
computation time 30 seconds and weights 0.001, Scenarios with 90 minute time horizon

ScenarioMax depth[Lower bound| Original Final solution New Final solution
1st Fea Sol & Nr Fea SolBest Sol & Nr d-Trnflst Fea Sol & Nr Fea SolBest Sol & Nr d-Trn|

01 | 560 586 2395 -6 1285 -2 2395 -3 1599 — 3
02 | 560 226 751 -2 437 -2 751 — 2 437 -2
03 | 558 570 1150 — 2 781 —2 1150 — 2 781 — 2
04 | 558 210 790 — 2 421 -2 790 — 2 421 -2
05 | 575 201 1174 — 4 686 — 3 1174 — 1 1174 -1
06 | 575 0 46 — 2 31 - 0f 46 — 2 31-0
07 | 567 486 968 — 2 499 —1 568 — 2 499 —1
08 | 567 126 401 -2 332 -1 401 — 2 332 -1
09 | 570 458 869 — 2 800 —1 869 — 1 869 — 2
10 | 570 98 338 -2 269 — 2 338 -1 338 -3
11 | 560 1022 1547 -2 1233 — 2 1547 -2 1233 — 2
12 | 558 469 1049 — 2 680 — 2 1049 — 2 680 — 2
13 | 576 1669 2246 — 2 2231 -3 2246 — 1 2246 — 3
14 | 567 969 1815 -2 1653 — 5 1815 -1 1815 -6
15 | 570 1371 1680 — 2 1611 -1 1680 — 1 1680 — 2
16 | 508 | 13776 13850 — 1 13850 — 12 13850 — 1 13850 — 12
17 | 570 6534 7338 — 2 7265 — 10 7338 — 2 7306 — 10
18 | 565 1997 4376 — 4 4100 — 14 4376 — 2 4211 - 15
19 | 567 9270 28883 — 3 28740 — 14 28883 — 3 28740 — 14
20 | 560 6114 21922 — 4 21247 - 18 21922 — 11 20752 — 20%

Table 7: Solutions with new priority when conflict of interest for two trains occur, computation
time 30 seconds and weights 0.001, backtracking to the new node values, all scenarios 90 minute
time horizon.

Scenario Solution
1st Feasible Sol Nr of Feasible Sol Best Sol Nr d-Trains
01 2395 3 1599 3
02 751 2 437 2
03 1150 2 781 2
04 790 2 421 2
05 1321 2 1174 1
06 193 3 31 0
07 715 3 499 1
08 548 3 332 1
09 1016 2 869 2
10 485 2 338 3
11 1547 2 1233 2
12 1049 2 680 2
13 2393 2 2246 3
14 4134 4 1815 6
15 1827 2 1680 2
16 13850 1 13850 12
17 7466 2 7338 10
18 4604 2 4376 15
19 28817 2 28770 14
20 21317 4 20978 17
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Modeling train stations: case study Norrkoping

Sara Soltani

June 14, 2012

Abstract

This report addresses the mathematical modeling of the problem, finding a conflict
free train routing through complicated stations, assumptions and constraints. A simple
example is then solved by this model and illustrated.

This work has been carried out as part of the work in the project titled “Efficient real-time
re-scheduling of trains during disturbances (EOT)”. This project is financed by Trafikverket
(The Swedish Transport Administration).

1 Problem description and assumptions

When a disturbances happens in the railway network, the trains need to be re-scheduled and
as a result, the re-allocation of tracks is unavoidable. A previously developed mathematical
model of re-scheduling train timetables during disturbances is able to generate conflict free
train schedules on stations and tracks by considering a minimum separation time (see Ap-
pendix D in [1]). In this macro model the structure of stations is simplified into sets of one
to multiple parallel tracks. Each station is consists of a number of platforms and a large
number of track sections while the conflicts of train paths could occur at the stations due to
crossovers of tracks. For instance, in Figure 1 of the station Norrképing, if a trains arrives
at an entering point from Fiskeby and have a request for using the platform 7, since any
track section can only be claimed by one train at a time, this would cause a conflict with
another train coming from the alternative entering point of Fiskeby at the same time having
a request for platform 9. This kind of conflict has not been taken care of, by the macro
model. We may need a more detailed model of the station to avoid such conflicts.

Identifying all routes is necessary to model allowed paths for each train. A route is a
sequence of track sections linking an entering point to a platform and from that platform to
an exiting point. A route is a one unique path through the station connecting an entering
point to an exiting point. In general each entering point can be considered as an exiting
point and vice versa according to the direction of the travel. Routes are generally defined as
a triple of incoming track, station track/platform and outgoing track (triple of {1, 2, 3}
where 1, 2 and x3 is a number between 1 and the station/line section capacity). Note
that only relevant routes should be considered in the model.

If two routes are physically separated then there is no risk of conflict (the model already
capture this) but in case of infrastructural conflict, i.e., if two different routes in the station
have crossover of track sections or they share one or few track sections in the station entrances
then the safety rules are not fulfilled if two trains using those track resources of that routes
at the station at the same time. Then obviously those two train events at the station need
to be separated so that the safety rules are satisfied.

The problem statement is that is it possible to route a set of trains with a given
timetable through a specified train station such that no pair of trains is conflicting.

To solve this problem the main idea is to obtain a complete microscopic model of a
railway station, model the train routing problem through a station as an integer linear
programing subproblem to the the macroscopic train scheduling problem. I.e., it is assumed



Figure 1: The layout of the train station Norrképing C, Sweden
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that the train scheduling problem of the macroscopic railway infrastructure is solved and
the arrival times and departure times of the set of trains passing that particular station and
the allocated tracks at entrances and exits of the station to the next infrastructure block
are known.

Each station is unique and should be modeled as a unique integer linear programing
problem. Since it is necessary to fulfill the requirements and demands of the train timetable
all trains have to be routed through the station.

The first objective is to find a feasible conflict free routing of all trains in our given time.
We intend to maximize the preferences of the trains for certain platforms or routes. Le.,
giving different weights to different routes based on the dispatch preferences-ideally this is
already captured in the macro model. Another objective could for instance, be minimizing
the total time spent for each train at the station.

In this model we assume that the allocation of platforms to trains are given by the
macroscopic model and conflict free routes for each train through the station should be
obtained.

Our case study is the station Norrképing, Sweden, which has been illustrated in Figure
1. We consider all the trains passing by Norrkdping. It is assumed that the station has 14
platforms and 3 parking areas. The parking areas are only used for non-passenger trains
shunting down at Norrkoping or have their first event at this station. The trains who have
been shunted down in these parking areas, later, change their train number and direction
and start a new travel. The length of those trains using the parking areas should be consid-
ered as well. In the simplified model we do not explicitly consider parking areas. We have
simplified our model as follows: There are only 4 sections in the routing sub-problem and
each train have at most 3 events (1 station section-Norrképing- and 3 line sections).

FI — NR: South stretch Fiskeby-Norrképing, capacity = 2;
NR: Station Norrképing C, capacity = 14;



NR1 — NR: North stretch Norrképingl-Norrképing, capacity = 1;
NR2 — NR: North stretch Aby-Norrképing, capacity = 2;

It is assumed that the events at these sections are ordered in time according to the new
allocated start time solved with the macro model. Direction of each train should be known.
It is assumed that in our example the clearing time for a resource at the station is given and
is 30 seconds.

2 The mathematical model

In the mathematical model of the routing problem all trains passing Norrkoping are consid-
ered. Let 7 and j and k represent indexes for a train, a railway section and a train event
respectively. In the model 4 sections (NR2 — NR, NR1 — NR, NR and FI — NR) are
included. The arrival and departure times and the used tracks for each train at NR2— NR,
NR1 — NR, NR and FI — NR are known.

Let R be the set of routes at the station Norrképing. Then we define the binary variable
Yik,r = 1, for r € R if event k of train ¢ takes the route r at Norrkdping, and 0 otherwise.
Then clearly:

> Yikr=1,keLjand k € K, (1)
reR

where j is Norrképing. This equations ensure that train ¢ is assigned exactly one route at
the station.

Let us define the matrix A = (a,7) such that a, = 1 if routes r and 7 have infrastructural
conflicts and a, 7 = 0 otherwise, where r # 7.

If two trains are entering and exiting the station from the same tracks and use a different
platform, then they have been already separated in time in the macro model by the A\ and
~ binary variables. If they use different tracks outside the station and different platforms in
the station, the routes they use through the station, may have infrastructural conflicts and
therefore they need to be separated in time. Let us define the parameter:

{1, If k, k € L k< k have conflict in time,
Up ko =

0, otherwise,

where j is Norrkoping. In other words u =1, where k € K; and k € K;, means that two
trains i and 7 appear in the station at the same time.

Note that the section events are ordered according to the new start time given by the
solution of the macro model. Therefore if two train events have time conflicts over the routes
with infrastructural conflicts, first train goes first (i.e., we keep the order).

Assigning the value 1 to parameters uy i 1s done by the following inquiry. Let the start
time and the end time for the train ¢ at the station Norrkoping (event k € K;) obtained by
solving the macro model are z3%"" and z{}%; then:

up=1 I kkeljk<k kekK,kekK;, and (2)

start start end start,
o2 >l & ally e

where j is the station Norrképing. In addition we have the binary variable:
1, If event k is in time conflict with event k

My i = and need to be separated, k, ke L; k< I;,

0, otherwise,



where j is Norrkdping. We define the constraint

Up i < M e (3)

The constraint (3) is defined to imply that if two events are both in time conflict and
infrastructural conflict, then event k will be separated in time from the event k by the
constraints stated below; and if two events are not in time conflict then they do are already
fulfill the safety conditions and the separation constraints will be true.

Define the continuous time variables u“,?” and ue”d which specifies the start time and the

end time of event k of train 7 at station Norrkopmg, then we will have the time constraints:

wt > e i e T, ke Ly, (4)
d tart
Uik —uig 2> dik, (5)

Where j is the station Norrképing and d; j, is the minimum time required for train ¢ to path
the station.
We define three objective functions as follows:

1. Maximize route preference: Some routes have different importance for different trains,
for instance, the fast long distance passenger X2000 train 519 from Stockholm to
Malmé has a preference to use the platform 1B/1A4 and the local passenger train 2140
from Norrképing C towards Aby and then to Katrineholm C to is preferred to stop at
platform 2B to exchange the passengers. The slow cargo trains are preferred to use
tracks 8, 9 or 10 to stop at the station, where there are no actual platform which is
needed for passenger trains (see the Figure 1). The shorter routes for passenger trains
through the station are preferred.

Maximize Z Wi rYikyrs (€T, ke K;, r€R; (6)
i,k,r

where w; , is the weights given to each route for different trains; i.e., preferred routes
have higher weights.

2. Minimize travel time through the station: scheduled passenger stops at station Nor-
rkoping for passenger trains should be fulfilled while unnecessary stops should be
avoided.

Minimize »  (u{}* — w™), k€ K;. (7)

3. Minimize discrepancy: As in the equations (4) and (5) we do not explicitly use the
u”,;d variables, we may end up with new start and end times for events in the station
which are very different from the solution in the macro model. To avoid this, we can

minimize the discrepancy from the start and end times given by the macro model.
Minimize Z|u5t‘"t a3+ |ue”d xff,;d , keK,. (8)
€T

Therefore, we will mainly use this later objective.

Of great importance are constraints defining infrastructural conflicts of routes. There
are routes in conflict at entrances. There are conflicts of routes with platforms, as one route
may pass a platform to get to another one. These kind of constraints in general can be
presented as follows:

Yikor +Yijr < 1 arsuy o+ (1= g 1) 9)
forall i,i € T, k € K;, k € K;, r,7 € R.



The constraints below ensure that one event on a route at Norrképing must end and
a required separation time must elapsed until next event may start at another route with
infrastructural conflict with the first route. Note that the simultaneous usage of the same
routes has been taken care of by the macro model. Here A is the minimum required sepa-
ration time for two trains and M is a large constant.

Considering the direction of travel, there are three different situations of train event
conflicts at the station which are needed to be taken care of, in the separation constraints.

e Two trains in the opposite direction, which they meet.
e Two trains in the same direction, who follow each other.

e Two trains in the same direction, and one train overtake the other one, (The train
enters later than the other one but leaves earlier).

Two trains in the opposite direction: The start time and the end time of trains
with opposite direction should be separated in time, but it is assumed that if a train ends its
journey in Norrkoping then it is not necessary to separate it‘s end time with the start time
of another train at Norrkoping. Also if a train starts its journey at the station, it’s start
time do not need to be separated from the end time of another train, and obviously if two
trains with opposite directions one ends its journey and another starts its journey to/from
Norrkoping they do not need to be separated. In this situation we have assumed there are
no infrastructural conflicts.

Wt il > AL = py ;) — My g, (10)

where k, k € L;, ke K, ke K;, diry # dirg,
secBvent; # t_nrE[i] & secEvent; ; # 1, j = Norrkdping;

ughd — uf’tfgrt > Ay — M =y 1), (11)

where k, k € L;, k € K;, k € K;, diry, = diry,
secEvent;y # t_nrE[i] & secEvent, ; # 1, j = Norrkdping;

where secEvent; ) is the index of the train event k for £ € Kj;, and secEvemfj % is the

index of the train event k for k € K; at the station. ¢_nrE is the total number of train
events for train ¢ € T.

Two trains in the same direction: The situation in which two trains coming from the
same direction using the routes with infrastructural conflicts is handled with the start times
and end times separated with a clearing time. So one is entering waiting at the station,
other enters after the clearing time and they leave with a safe separation time of their end
times. It is assumed that if two trains have the same direction and one of the trains has
it‘s first event at the station then their start times do not need to be separated. Also if two
trains with the same direction and one of the trains has it’s last event at the station then
obviously their end times do not need to be separated.

Separation of the start times:
wSe =l > Apy = M(1 = gy, 1), (12)

Z)

where k:,fc €L;, ke K, ke K;, diry = dirg,
secEvent;, #1 & secEvent i # 1, j = Norrkoping;
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where k, k € L;, k € K;, k € K;, diry, = diry,
secEvent;, #1 & secEvent, i # 1, j = Norrkoping;

Two trains in the same direction, who follow each other:

uS - > Ay~ ML 1, ), (14)

where k, k € L;, k € K, ke K;, diry, = diry, xf%d > xff,id
& secEvent; s # t_nrE|i]
& secEvent;j # t_ nrE[i], j = Norrkdping;

uht — ug;id > A= i) — My g, (15)
where k. k € L;, ke K;, ke K;, diry, = dirg, a:fj}—cd > mff,id
& secEvent; s # t_nrE|i]
& secEvent, ; #t nrE[i], j = Norrkoping;

Two trains in the same direction, where one train overtake the other one,: In
this case the two trains end times are compared and the train which has a shorter waiting
time at the station leaves earlier.

wfEt =it = AL =y ) = My, (16)
where k, k € L;, ke K;, ke K;, diry, = dirg, xfj}cd < .Z‘fj;cd
& secEvent; s # t_nrE[secT'rain;
& secEvent, ; #t nrE[i], j = Norrkdping;

u‘f"j}cd — ufj}cd > Aﬂkjg - M(1- ukjc), (17)

i >
where k., k € L;, ke K, ke K;, diry = dirg, zf'}cd < xff,id
& secEvent; s # t_nrE]i]

& secEvent;j # t_ nrE[i], j = Norrképing;

Another factor that need to be considered is modeling the feasible physical train paths
(routes) at the station, i.e., defining the start, the station platform and the end points of
each route. For example trains coming to Norrképing from NR1 — N R use a set of specific
routes different from routes coming from NR2 — NR. Tracks 1 and 2 enter/exit NR2— NR
and track 1 enter/exit NR1 — NR. If a train is assigned to a specific platform, it is only
allowed to use routes that paths that platform. In these kind of constraints the direction of
trains are of importance.

Let R} be the set of feasible routes for train 7 in the set of trains 7. In general the
constraints giving the true value to feasible routes for each train can be stated as follows.

Z Yikr =1, wherer € R, forieT, k € K;; (18)
rER]
Z Yikr =0, wherere R, forieT, ke K;. (19)
r¢R?

The constrains which in details, give the feasible routes for trains using specific tracks
at the station Norrképing can be found in the Appendix.



3 Identifying routes

In our mathematical model we have assumed that the allocation of platforms are already
given by the macroscopic model and we only need to find a conflict free route for each train.
To capture the details of the station it is necessary to identify all the possible relevant routes
through the station.

This is how we identify all routes in details with resources: Each segment (resource) at
the station is numbered uniquely. Figure 2 shows a numbering to each track segment for a
part of the station Norrképing. The numbering here is only for illustrative purposes and it
is not the same numbering as in the real situation of train traffic dispatching in Sweden.

Figure 2: Numbered track sections for a part of Norrképing C
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To model all routes we use a graph model which can be called resource tree, it represents
a decision of choosing the next track segment with different alternatives at crossovers of
tracks. Each train at the station’s entering point can choose different routes to enter a
specific platform. The edges represents the specific track and have the same name and thus
a node groups routes that have a common sub-route. The reason of using this resource tree
is that it is easer to later on, identify all the conflicts. Each starting point of the entrances
or the exits to the platforms can be the starting point of a graph. This way a complete
list of all routes with given track numbers can be written. All routes in the same graph
have crossovers and conflicts. All graphs should be compared to each other to identify all
the remaining conflicts. The Figure 3 shows a graph with the starting point of track 2 of
stretch NR2 — N R with the numbering given in the Figure 2. The graph in Figure 3 gives
8 different routes through the station.

Then we code the routes according to which that are in conflict due to usage of the
same platform/station track and identify the routes that have the same way in and out
and which then are separated by the A and « constraints from the macro model. Hence the
physical conflicts are already handled by the A and 7. Now we only need to investigate which



Figure 3: Resource tree: the starting point of track 2 of NR2 — N R, track numbers from Figure 2
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routes that are conflicting in time and if the conflict is on the north (N) end of the station
(exit/enter to FI — NR), or the south (S) end (exit/enter to NR1— NR or NR2— NR) or
both (B).

In the simplified model 207 possible relevant routes has been identified which can be used
by trains to path station Norrképing. It is assumed that all the routes are bi-directional.
For more details see Appendix B.

4 Example

Suppose that we have a 10 minutes window of time at Norrképing, during this time 4 trains
enter and exit the station.

e North-bound train 2140 incoming from UPP-sparet (track 1) to platform 2B and then
wait for 3 minutes, then out to UPP-sparet towards Aby.

e Southbound train 519 incoming from NED-sparet (track 2) to platform 1b and then
wait for 1 minute, then out on NEDs-paret towards Fiskeby.

e North-bound cargo train 49500 coming from NED-spéret (to platform 9) and then out
to UPP-spéret towards Aby.

e North-bound train 500 incoming from UPP-spéaret (track 1) to platform 7 and then
wait for 2 minutes, then out to UPP-sparet towards Aby.

And let’s assume that the start and end times for each train given by the macro model
are 60 — 260, 75 — 135, 410 — 600 and 420 — 540 respectively. The solution given by the
proposed mathematical model is illustrated in the Figures 4-6.



Figure 4: Solution times given by the micro model
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Figure 5: Routes assigned to trains 1 and 2 by the micro model
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Figure 6: Routes assigned to trains 3 and 4 by the micro model
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5 Further discussions

In our mathematical model of the station Norrkdping some minor infrastructural details are
ignored, as it is assumed the stretch N R1 — N R has only one track or the parking areas are
not in use. It is important to get real data and information from train dispatchers to capture
necessary details and learn about route preferences for specific trains and implement them
in the model.

We have assumed that the platforms in the station are already given by the macro model,
but in reality some trains have no stop at the station and they can be assigned any route to
pass the station (preferably the shortest path). If the trains are already given a platform to
path, there is not so much liberty to maximize the preferred routes in the objective function
1. Therefore the choice of station track or platform should be imported from the macro
model only if the train is very long, or has a passenger stop at a pre-scheduled passenger
platform. Also the length of trains has not been explicitly considered in our model.

The reader should note that in our model, when considering the conditions of a train
event being the first or the last event of that train no difference has been made to know that
if they are the actual first or last event or they are, as a result of our considered window of
time.

10



Appendix A

Let ¢; r+ be the parameter that specifies the tracks used by train events in the sections
NR1—NRor NR2— NR and FI — NR and the platform for NR. Then the feasible routes

for each train in the station Norrkdping is given by:
For trains coming from NR2 — N R entering NR using track 1

E Yikr = Gik—1,15

1
T€RNRa_NR

k,(k—1)€ K;, k—1€L;, ke Lj, j= NR2— NR, j = NR;

where R} po_ np 1S the set of routes starting/ending to track 1 stretch NR2 — NR.

For trains coming from N R2 — N R entering NR using track 2

Z Yikyr = 4i,k—1,25

2
r€RNRa_NR

k,(k—1)€K;, k—1€L;, ke Lj, j=NR2—NR, j=NR;

where R% Rro_ng 1 the set of routes starting/ending to track 2 stretch NR2 — NR.

For trains exiting from NR1 — N R entering NR using track 1

E Yikr = qik—1,15

1
T€ERNRI_NR

k,(k—1)€ K;, k—1€L;, ke Lj, j= NRl—NR, j = NR;

where R) »;_ np 1S the set of routes starting/ending to track 1 stretch NR1 — NR.

For trains exiting to F'I — NR from NR using track 1

Z Yik,r = Qi k+1,1,

1
r€RE_NR

k,(k=1)€K;, k+1€L;, keLj, j=FI-NR, j=NR;

where R}y is the set of routes starting/ending to track 1 stretch FI — NR.
For trains exiting to F'I — NR from NR using track 2

E Yikr = qi,k+1,25

2
TERL_NR

k,(k—1)€ Ky, k+1€L;, ke Lj, j=FI—NR, j=NR;

where R%; g is the set of routes starting/ending to track 2 stretch FI — NR.
For trains using platform p at the station NR

§ Yik,r = Qi k,p>

reRY R
ke K;, kELj, j=NR;

where RY,  is the set of routes pathing platform p.
For trains exiting to NR2 — NR from NR using track 1

E Yik,or = Qi k+1,15

1
T€ERNRo_NR
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k,(k—1)€ K;, k+1€L;, ke Lj, j= NR2— NR, j = NR;

where R} po_ np 1S the set of routes starting/ending to track 1 stretch NR2 — NR.
For trains exiting to NR2 — NR from NR using track 2

Z Yikor = Qik+1,2 (27)

TERY o R
k,(k—1)€ K, k+1€L;, ke Lj, j= NR2— NR, j = NR;

where R3 oy g is the set of routes starting/ending to track 2 stretch NR2 — NR.
For trains exiting to NR1 — NR from NR using track 1

Z Yikor = Qik+1,15 (28)

TE€RNR1_NR
k,(k—1)€ K, k+1€L;, ke Lj, j= NRl—NR, j= NR;

where R}z, np IS the set of routes starting/ending to track 1 stretch NR1 — NR.
For trains coming from FI — NR to NR using track 1

Z Yikor = Qik—1,15 (29)

1
T€Rp_NR

k,(k—1)€K;, k—1€L;, ke Lj, j=FI—NR, j= NR;

where RL;_yp is the set of routes starting/ending to track 1 stretch FI — NR.
For trains coming from FI — NR to NR using track 2

Z Yikr = Qik—1,2 (30)

2
T€ERL_NR

k,(k—=1)€K;, k—1€L;, ke Lj, j=FI—NR, j= NR;

where R%;_ g is the set of routes starting/ending to track 2 stretch FI — NR.

Appendix B

In the excel file titled “Routes” accompanying this report, all the identified routes through
the station has been listed. It is stated in Section 3 that 207 routes has been identified for
the simplified Norrképing where there are 1 entrance track from Norrképingl and there are
14 platforms and no parking areas. The excel file “Routes” has listed 270 identified routes.
Routes 1 to 207 in this file are the paths through the stations from 1 entrance track of
Norrképingl and 2 entrance tracks from Aby, to 2 entrance tracks toward Fiskeby. Routes
208-228 are the routes through the station from Norrkopingl if we consider an alternative
entrance track (see Figure 1). Routes 228-270 are the identified routes for the 3 parking
areas in the station. These routes are not paths through the station but rather a path for a
non passenger train to start the journey or end a journey from a parking area.

To identify the routes the entrance direction is assumed to be from Aby/ Norrkopingl
and the exit direction is to Fiskeby. In practice the direction does not play any role as the
routes are assumed to be bidirectional. Routes can be defined as a triple of incoming track,
station track/platform and outgoing track. Here to demonstrate better a certain path (the
route) through the complicated station Norrképing, 4 different middle points (The station
numbered safety points) has been considered at the entrances of the station. So a certain
route is defined by the entrance track from Aby /Norrkopingl, 4 middle points for a train to
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get to a certain platform, the platform number, and 4 middle points from the platform to
the exit point toward Fiskeby and at last the outgoing track to Fiskeby. This numberings
are according to the real numbering system found in “Trafikbilder”.

The routes has been colored according to which that are in conflict due to usage of the
same platform/station track ,i.e., routes through the same platform have the same color
(The physical conflicts are already handled by the A and ~ variables in the macro model for
the routes using the same platforms).

This excel file “Routes” can then be used to look up the exact path for a certain train,
when the route number has been printed in the “Norrképing.txt” file for each train, as the
solution of the micro model of the station Norrkdping.

The intention for the excel file “Route conflicts table” is to build up a complete matrix of
all the conflicts of all the identified routes. The table in this excel file is a matrix of the size
270 by 270, any route should be compared by any other route to obtain a complete table.
Conflicts of the two routes that have the same way in and out of the station, are separated
by the A and ~ constraints in the macro mathematical model and are denoted by As. The
conflicts of the routes using the same platforms are denoted by A;. The routes that are
conflicting in time and where the conflict is on the entrance of Aby/ Norrképingl is denoted
by (N), and the conflict at the end of station toward Fiskeby is denoted by (S) and both
(B) is used in case of conflicts at both ends.
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