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Abstract (245 words)

Reliability is a key determinant of the qualityafransit service. Control is needed in order &l déth the stochastic
nature of high-frequency bus services and to imprervice reliability. In this study, we focus oolding control,
both schedule- and headway-based strategies. Assament framework is developed to systematicabgssthe
effect of different strategies on passengers, gaaior and transport authority. This framework barapplied by
operators and authorities in order to determinet\Wwbhling strategy is most beneficial to regula@adways, and thus
solve related problems. In this research knowleslgained about what service characteristics affecperformance
of holding strategies and the robustness of thieategies in disrupted situations, by using scesaiihe framework
is applied to a case study of a high-frequencyoregibus line in the Netherlands. Based on thelsition results, we
identified the line characteristics that are impaottfor the performance of schedule- and headwagéatrategies
and determined how robust different strategiesirmmease of disruptions. Headway-based control ejias better
mitigate irregularity along the line, especiallyavhthere are disruptions. However, schedule-baseat strategies
are currently easier to implement, because it doésequire large changes in practice, and theopmdnce of both
strategies is generally equal in regular, undisdituations. In this paper, insights into wha tdoncerns are for
operators with respect to technical adaptatiorgstizal changes and behavioral aspects when adiegdway-based
strategy are given.
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1. INTRODUCTION

Reliability is a key determinant of the quality ménsit services. Irregular services are the resfultariability in
departure from terminals, vehicle running times dwell times. A common problem for high-frequenagtservices,
caused by these types of variability, is vehicledhing. The result of these factors is variabilitythe headway
between buses, and thus a deterioration in sergl@bility (1). Control is needed to deal with the stochasticma
of high-frequency bus services and to improve serwliability @).

In this paper, the focus is on holding controlefiéhare roughly two categories of holding strategiehedule-
based holding and headway-based holding. In casstithtegy is schedule-based holding, buses whké up to the
scheduled departure time. The second categorabVesy-based holding; vehicles will be held till mimmal headway
requirement is fulfilled ).

It is possible to examine service reliability imntes of both punctuality or regularity. For highdreency bus
services, regularity is more important than puniua/Nhen the frequency is high, passengers docoosult the
schedule and arrive randomly at stoys The frequency is considered high in case thguieacy of buses is equal or
higher than 6 vehicle departures per h@,5§. Regularity is more important for high-frequertmys services than
punctuality.

1.1. Related work

The absence of control strategies can lead to inedesehaviour of the system. Different controattgies have been
proposed divided into station control, inter-stat@ontrol and other control measurés Station control strategies
and specifically holding strategies are the mostroon strategies applied in normal services to dial variability
and improve regularity (7). Therefore, the focughis research is on this type of control. Whenisiag a control
strategy, three aspects are important. First tiéralopoints need to be determined; the stops whases are held.
The second aspect is the conditions under whictitglwill be applied: schedule- or headway-baséuaialfy, how
long the bus will be held: the (maximum) holdingié @). These three aspects have been extensively disglis
literature.

Control points

Control points are commonly determined by the ftagngthority. These control points are in geneha important
transfer stops along the rou®.(The number of control points and their locatitwas been the subject of several
studies. In some studies, it was concluded thatraelopoints should be located before high-demangds®), at early
points along a routel(), or at a stop in the middle of a route with athigparding demand.(), while others concluded
that it is best to have only one control pointhet original terminall2). Cats, Rufi & Koutsopoulosl8) demonstrate
that the selection of the control points can hawesitlerable effects on service performance. Intiufgithe location
of control points was found to be more importaiintithe number of control points and that specHiaracteristics of

a line are crucial for the choice of locations andhber of control points.

Holding conditions
Schedule-based holding is the common practice galage buses by holding vehicles at control poimsl the
scheduled departure timg, (4).

Two types of headway-based holding conditions aselgminantly discussed in the literature; the finsé
is realizing an a-priori headway, by determining tiolding time based on the headway between theabdsts
predecessor9( 11,15,16,17). Bartholdi & Eisenstein1b) discuss the disadvantages of this approach. Aoogito
the authors, the optimal achievable headway isknotvn in advance and can also change, due to changeaffic
conditions, driver behaviour and the amount of eagsrs boarding and alighting. In addition, conbaded on target
headways is not able to react adequately to lafigeuptions. In case of target headway controlstiecessive bus
should speed up, which is often not possible. Toege target headway control is vulnerable in tiverg of
disruptions. This leads to the second type of hegevased holding condition; considering the locatib successor
and predecessor of a bus by communication betwesest$,18,19). With respect to the headway control strategy,
Cats B) also mentioned that in case of incidents it maynlecessary to switch from headway-based control to
schedule-based control. However, incidents werdakatn into account in the simulation study perfednm @).

Following the promising outcomes of a simulatitudy 8), the even headway control strategy was put into
practice in Stockholm2Q). It should be noted that other measures wereamehted simultaneously in the field study:
infrastructural, route and passenger boarding phaeeadaptations. With respect to the vehicle perémce, the bus
speeds along the routes increased and the sem@zerie more regular. However, the average dwell shightly
increased. The bus trip time, excess waiting timgkia-vehicle time decreasezlj.
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Holding time

Maximum holding times could be taken into accoomitevent that individual passengers experiencgleeg travel
times. It could be that, to achieve an optimumtfer majority of the passengers, it can be advantey& have
extremely long holding times. However, in genetath passengers and drivers find it unacceptahbiehiigh-
frequency services to hold longer than one mint#@. (The location where vehicles are held also infaes the
acceptance of holding times. Closer to the finaramnsfer stop, less holding time will be accegiggassengers and
drivers according to the bus operator (Arriva, peed communication).

1.2. Problem definition

In case of high-frequency transit services, it ddué better to focus on regularity instead of puality. However,
currently the focus of most bus operators worldwigleon punctuality. One of the causes is the desigkey
performance indicators (KPI), incentive schemes andertain organizational contexts also in thenfoof a
contractual requirements formulated in the concesbietween the authority and the bus operatorsrafipe are
measured based on the punctuality, which makefigudt to use headway-based control strategies.

Many different control strategies have been andlysditerature. Although different studies conabaicthat
headway-based control strategies are advantagaoalysis of these strategies differ from each oiiéne method
of analysis (i.e. simulation or field), the dateeddor the analysis (real-world data or not), tlenparison with
different strategies (schedule-based and headwsgddaolding), different operational conditions alifterent KPIs.
Moreover, the effects of headway-based strategpimexts outside of main transit corridors in thigaun core remain
unknown. This makes it more difficult to comparetgies, since every service has its own chaiatitst Insights
into how, under what conditions and where headwantrol should be implemented are thus missing imecu
research.

Another important aspect is the commonly perceivetiequacy of headway-based control in case of

disruptions which is sometimes believed to potdigtr@sult in a ‘domino-effect’. Therefore the effs of headway-
based control in the event of disruptions are ekplistudied in this research.

In literature, practical information for operatas how to implement a headway-based control glyaie
missing. This includes key aspects in relationh® toncession requirements; transport authorittesal have a
consistent way in dealing with reliabilitX) and most transport authorities do not includeulagty in concession
requirements.

1.3. Resear ch contribution

In this research, an assessment framework wasajmako assess the effect of holding strategiath®mhree most
important stakeholders involved in transit servicpassengers, the operator and the transport @ythdhis
framework consists of the generation of differeotding strategies, that subsequently can be tegtedheir
performance based on different KPIs. Scenariosals® generated in order to test the robustneskeohblding
strategies in case of disruptions. The frameworklmapplied by operators or authorities to systiealty determine
what strategy could be most beneficial in orderdgulate headways, and with that solve relatedlpnof. The
assessment framework is applied to a case studypasedd on these results, knowledge is gained atoait line
characteristics are important for the performarfcechedule- and headway-based strategies. Frorpiblecation of
the framework, also knowledge is gained about tieistness of headway-based holding strategies,restect to
disruptions. Line 400 (Leiden-Zoetermeer, The Né#mels, operator: Arriva) is used in this reseasla case study.
Special attention is given to technical adaptatitogistical changes and behavioural aspects whema headway-
based strategy. Insights into the difficulties wimeluding regularity in the concession requirersesdn contribute
to the discussion on how to implement regularitgdzhoperations.

The paper outline is as follows; we first discties methodology of developing the framework. Subsatly
the case study, followed by the simulation resafespresented. Discussion on the results is prdvid&ection 5 and
Section 6 discusses aspects important for implemgatheadway-based control strategy. The findi@eprovides
conclusions and recommendations.

2. DEVELOPMENT OF THE FRAMEWORK
The objective of the proposed framework is to astes effects of a holding-control strategy on pagers, operators
and transport authority. The development of thenéraork can be divided into different steps:
1. Determination of holding control strategies: getiaga strategies, consisting of control points, lirdd
condition and maximum holding time, that can be parad with each other. Additionally, scenarios lban
generated to test the robustness of the strategies.
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2. Testing (the robustness of) these strategies ukm@gcenarios, by applying a simulation model. Nexa
quantitative comparison, the results of the simoatvill be presented to field experts, in orded&sermine
aspects that are not considered in the simulatioaiet(e.g. crew availability and driver behavi@gnsisting
of, among others, bus drivers, managers, plannmatscancession grantors. This helps to distinguish t
differences between the model and the social complality.

3. Determination of the objectives of the differeratkgtholders leading to KPIs to assess differentegjias.

With these three steps holding strategies cand$esasd and compared.

2.1. Holding strategies and scenarios

A holding control strategy consists of three asgidodlding conditions, control points and holdingéd. For every
strategy a choice for these aspects should be riadether these aspects determine the departueeotim vehicle
at a stop.

Schedule-based holding is the current practiceicleshwill be held up to the scheduled departureetiWhen it is
known whether a stop is a control poijg)( and what the maximum holding time)(is, the following schedule-
based holding rule (Equation 1) is applicable eorto determine the departure time of a vehicesabp DeT; ;) (8).

It should be noted that stops are defined, @®nsisting of two types of stops; stops thatcanetrol points [ < J)
and stops that are not a control pojRt (S J).

max(min(SDeTjy, ATy, + a — DwTy,.) , ATy + DwTy,,) ,V j € ¢

1
ATjy + DwTj, 'VJ € Jne )

DeTijk = {
where:
DeT;j, = Departure time of trifrom stopj

SDeTj, = Scheduled departure time of tkjirom stop)

ATy, = Actual arrival time of trigk at stopy
DwTj, = Dwell time of tripk at stop
a = Maximum holding time

In case of headway-based holding, vehicles wilhbkl at control points until a minimal headway rieguent is
fulfilled. Cats et al.§) concluded, based on a simulation study and d égperiment, that the mean headway control
strategy, a combination of the forward and backwaeddway, is the most promising strategy in terfbath
passenger time savings and fleet costs. Therefdaseshosen to investigate only this headway-bds#ding strategy.
The determination of the minimal headway requireneamsists of the average headway of the successar
predecessor (equation 2). The departure time fallioam the minimal headway requirement or the maxmmolding
time (equation 3). The following rule is applicalecase of the mean-headway-based holding, inr@éodeontrol a
service (8

H _ (ATjk_ATj,k—l)‘;(ATm,k+1_ATjk) )

DeT.. — max(min(ATj ., + by, ATy + a — DwTy), ATy + DwTy) ¥V j € J¢ 3)
T | ATy + DWT, Y€ Ine

where,

hyy = Mean headway for trik at stop

AT;—, = Actual arrival time of trigk-1 from stopyj
ATy 1+1 = Expected arrival time of trip+ 1 at stopm

ATy = Actual arrival time of trigk at stopj
DwTj, = Dwell time of tripk at stop
a = Maximum holding time
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Scenarios
In addition to the regular differences betweenplamned and actual performance of a bus servise, disruptions
occur. Therefore, different scenarios have to hased, to test the robustness of control strate@esnarios should
be included to test how sensitive a control stratisgwith respect to disruptions, consisting ofgkar schedule
deviations than in regular operations. We devigesttenarios so that they pertain to aspects thalitiicult for the
operator to control.

The aspects that affect travel times can be imdud the model by simulating an incident or by madg
travel times of specific route sections. The chatacluding incidents or modifying travel timesauld be done in
consultation with the operator so that they are ganmable to real world disruptions.

2.2 Simulation mode

To be able to test different strategies and scesaa simulation model is used. The simulation rhaded in this
research is BusMezzo, being a mesoscopic, dynatichastic transit operations model. It simulatetividual
vehicles and passengers, without representing gegiond-by-second movements in detail. Uncertairitiebus
services, such as traffic conditions, vehicle cépadwell times, vehicle schedules and serviceugisons, can be
included in the model. BusMezzo has been useddardo support the implementation of control anchagement
strategies, including holding strategi&y. Previous studies have shown that BusMezzo gamodece bus bunching
(22) and crowding effects2B), attesting to its suitability for this researéh.detailed description of modelling in
BusMezzo is available ir2p).

2.3. Key Performance Indicators (KPIs) for various stakeholders
The KPIs that are important for the three mainehakders are hereby specified, based on literatudeinterviews.
These KPlIs are used to assess holding strategies.

First, the objective for the operator is to keke tosts low (mainly operational costs) and themaes as
high as possible (passenger revenues). VarialBlitmportant, because it hinders the operator thenwficient use
of resources, which could lead to higher co24. (It is also essential to meet the concessionirespents. This leads
to the following KPlIs for the operator as includedhis research in order to assess a holdingeglyat

- Holding time per trip

- Cycle time (8@-percentile value)

- Variation in cycle time (Difference between's@nd 8&-percentile value)
- Service reliability (Coefficient of Variation (Co\f the headways)

- Crowding variability (Average load deviation)

- Concession requirement: reliability (Punctualityregularity)

Second, for passengers three aspects are of outmosttance: reliability, speed and comfab). Passenger
travel speed is determined by two aspects: wadimdj in-vehicle time. In particular perceived tingge important.
Reliability is measured in terms of the variatidntloese two time componentS)( One of the important aspects
regarding comfort, is how crowded a vehicle is arttether one can find a seat. The average staniirey pger
passenger is used here as an indicator for confouls, the passenger aspects are:

- Perceived in-vehicle time

- Waiting time

- Variation in perceived in-vehicle time

- Variation in waiting time

- Average standing time

Third, to guarantee a minimum quality of publicnisport and trying to increase the usage of puldiesport is
one of the important tasks of the transport autiofihe additional KPIs for the authority, are thus
- Service reliability
e Punctuality (Arrival and departure schedule adheggn
* Regularity (CoV of the headways)
- Probability of finding a seat (Percentage of pageethat can find a seat)

It should be noted that some of the quality aspeetshe same for the stakeholders, e.g. the g@afiects important
for passengers are also of importance for the ttteestakeholders. The focus in this paper is erstirvice reliability
(CoV of the headways). More detailed results withard to other KPIs are available in (26).
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3. CASE STUDY

The assessment framework proposed in the previobagter is applied to a case study. This sectiotagégpthe
characteristics of this case study, followed bydkperimental setup.

3.1. Characteristics of line 400
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FIGURE 1 Geographical overview line 400
(Source: 29)

Line 400, a high-frequency bus service betweendérei
(123.000 inhabitants 2{)) and Zoetermeer (124.000

inhabitants 27)) in the Netherlands, is used as a case study (see

Figure 1). The analysis is based on the situatiwhtanetable
of the morning peak in 2015-2016. The line is agpnately
14 km long, with 11 stops. The frequency in thegtperiod is
10-12 buses per hour. The scheduled cycle timeis gieneral
27 min in the southbound direction and 29 min ir th
northbound. There is a turnaround time of 2 minuss
Zoetermeer Centrum West, and 4 minutes at Cenfitagion
(Leiden). Smartcard data is available (2015-20&6hsisting
of tap-in and tap-out records providing insight®ithe travel
patterns and most important origin-destinationtiefes. More
insights into the Dutch smartcard system and datevailable
in (28). Most passengers travel from begin terminal td en
terminal implying that the stops between the citiéd.eiden
and Zoetermeer are less important with respectassgnger
demand.

3.2. Experimental set-up

Line 400 exhibits reliability problems, caused layiability in
running times and passenger demand, also resulting
crowding. In this section the experimental simaatset-up is
explained, including the generation of strategies scenarios.

Strategies
As explained in section 2.1., different choices barmade to
generate strategies: holding criteria, control tsoand holding

time. The combination of these different choicemdketo a large number of combinations. In consatavith the
operator, nine strategies are analysed in thisaresgas shown in Table 1.

Two options related to the number of control poiate included in this research; either 3 or 9 stags
control points. When there are 3 control pointg, $tops Leiden Centraal, Station Lammenschans aste#neer
Centrum West (ZCW) are control points, becauseethieee stops are the most important boarding-adigtiting-
stops along line 400. In case 9 control pointsuaesl, all stops of line 400 are control pointsggx¢he Korevaarstraat
and Breestraat, since it is physically impossibladld buses here, due to limited space and mellipés serving the

stop.

TABLE 1 Overview of the nine strategies

Strateg' Holding conditiot | Control points Holding time
1 | Schedul-3-no ma: | Schedul-basei 3 | Stops: Leiden Centraal, Lammenschans, : | No may

2 | Schedul-9-no ma; | Schedul-base! 9 | All stops, excl. Korvaarstraat & Breestre No may

3 | Hw-3-no mx Headwa-base: 3 | Stops: Leiden Centraal, Lammenschans, : | No ma

4 | Hw-3-30C Headwa-base! 3 | Stops: Leiden Centraal, Lammenschans, : | Max 300 se
5 | Hw-3-60 Headwa-base: 3 | Stops: Leiden Centraal, Lammenschans, : | Max 60 se
6 | Hw-9-no ma Headwa-basd 9 | All stops, excl. Korvaarstraat & Breestre No may

7 | Hw-9-30C Headwa-base! 9 | All stops, excl. Korvaarstraat & Breestre Max 300 se
8 | Hw-9-12C Headwa-base: 9 | All stops, excl. Korvaarstraat & Breestre Max 120 se
9 | Hw-9-60 Headwa-base: 9 | All stops, excl. Kowvaarstraat & Breestre Max 60 se
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By testing these nine strategies, it is possiblnayse the difference between the holding catéhie choice of more
or less control points, and also the influence akimum holding time.

Scenarios

Different scenarios are designed, in order tottestrobustness of the control strategies. The g¢inarof scenarios
is based on disruptions (i.e. incidents and maddiom of trip times). The choice of including ineitts or modifying
travel times is done in consultation with the operand based on Automatic Vehicle Location (AVatal

Two disruption scenarios are examined in this study
1. The opening of the bridge on the route of line 408mmebrug’.
2. Adetour between the stop Korevaarstraat and g8 Lammenschans, in Leiden, resulting in loriger
times

Smulation model

The input for the simulation model BusMezzo comsstdtthe abovementioned strategies and scenani@sldition, it
is important to use real-world data when analysiogtrol strategies3Q) and this is due to the development of real-
time information technologies possib®.(Specific case related input for the model, cstivgy of the network, routes,
fleet and demand, is based on AVL and smartcaral dat

4. APPLICATION AND RESULTS

By simulating different strategies and scenaris;@AVL and passenger data of line 400, the hgldimategies are
assessed based on the selected KPIs. This seicsibaliborates on the results of the normal (ungdigd) situation.

In this paper the focus is on the service religbileffects on other KPIs are described in lessitldtiore detailed

results are available in (26). The results of fheutation with the scenarios is described in secd@®. In section 4.3
a brief reflection is given.

4.1. Normal situation
This section explains the results of the nine sgias in more detail, considering the perspectiv® operator, the
passenger and the transport authority

Operator

The control strategies are used in order to cothmkervice variability along the line and to pdeva regular service.
Therefore, first the Coefficient of Variation (Co¥dj the headways is investigated, which is onenefKPIs of the
operator. More control is expected to lead to aelo@oV of the headways, and thus to a higher qualithe service.
In a situation without control, the variation ofdusvays propagates along the route. Applying a obstrategy, this
propagation will be mitigated at each control point

In Figure 2 the development of the CoV along the per scenario is shown. In the southbound diregti
the first control point is Korevaarstraat and tfieme holding is only possible after this stop. dincbe seen that the
CoV increases towards this stop. After this st@p@oV of the headway consequently decreases. tig¢istop, the
CoV is within the range 0.12-0.25.

In the northbound direction, two observations agalighted. First, the CoV of the headway for tebedule-
based strategy starts low, but increases subdtaiieween Meerpolder and Stompwijk. At Stompwi§8% of the
vehicles arrives on-time, so no holding is needée. CoV of the headways of buses departing at Zoeter Centrum
West is 0.18, while the CoV of the arrival headway4 eiden Centraal is 0.45, implying ‘irregularakdevays with
some bunching’3l).

The other aspect that should be mentioned is lega€bV for the headway-based strategies fluctuatss
compared to the CoV of the schedule-based straggyalthough the average CoV of the headwaysodifferent
strategies is comparable, the development of thié &ong the line is very different.

The strategies with more control points perforrtdyeon reliability aspects. However, the schedadsed
and headway-based strategies perform more ordesdlewell. This is the result of the fact that this line, vehicles
arrive in general early at control points, suggestxcessive buffer times in the timetable desi@gpnsequently, the
variation at the origin terminals is low to staittw The headway-based strategy could perform betten variation
at the origin stops can be decreased. It is ndiplesin BusMezzo to control vehicles at the temhinsing the mean-
headway-based strategy. In practice howeverpitésible to control vehicles at the terminal byagating predictions
on arrival times of future trips and this is exgetto contribute to service performance, becaulsads to a lower
CoV of the headways at ZCW.
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FIGURE 2 Development of the CoV of the departure headways aJong the case study line (left: southbound
direction, right: northbound direction)

The more control is executed, the longer the ciyales, but the variation of the cycle times decesain the
southbound direction the vehicles arrive in geneaaly, which makes holding possible. In that caden the strategy
is schedule-based, the headways are thus the dedtkadways. This means that there is less heaadhirip time
variation. In that case, when vehicles arrive eathedule-based control is equivalent to headveesgdb control, and
slightly performs better in terms of the numbecoiitrol actions, average holding time per trip apcle times.

However, in case vehicles do not arrive earlyedcite-based control is not an effective controlraone.
This is the case in the northbound direction. Theadway-based control performs better. The cynite increases
slightly, as a result of the longer average holdinges per trip, but no extra buses are neededvahation in cycle
time decreases and the CoV of the headways stéatsvety stable along the route. Headway-basedrobatt all
control points is able to mitigate service irregifjaalong the line, regardless of the timetable.

In conclusion, “hw-9-60" is the best strategytioe operator. This strategy copes best with semaciability
along the route, without the need of a timetabletwithstanding, the differences compared with “stBed” are
relatively small.

Passengers

From a passenger perspective there are severalgingrstrategies, mainly based on the in-vehickaaiting times
and variation of these times resulting in a totqlezienced travel time. Differences between schedauid headway-
based strategies are small, e.g. waiting timesramdhicle times decreases between the 0-4% whieg asheadway-
based strategy. There is also no strategy thabpesfbest in both directions. In the southbounddion the strategy
“hw-3-0" is the best performing strategy, whileshs one of the worst performing strategies in nloethbound
direction. A trade-off should be made, since it Wddae difficult to use two strategies for one litethat case, strategy
“hw-9-60" is the strategy that performs relativelgll in both directions. Therefore, from the paggarperspective
this strategy should be selected. However, diffegsrare minimal; maximum gains of 20s comparedgohadule-
based strategy, which is approximately 1% of thal texperienced travel times.

Note that passengers are assumed to arrive randainstpps in the simulation model. However, in case
connecting light rail vehicle arrives at ZCW, m@assengers can be expected to board, even whéwrdldevay is
short. This could influence service performanceeality.

From a passenger perspective, the headway-basstegstss with only 3 control points are the worst
performing strategies. The variation of the perediaverage in-vehicle time, the excess waitinggiarel the average
standing times are all higher than when using thercstrategies.

Authority

The arrival punctuality norms are met for the heaghvased strategies with 3 control points: mora &6 of the
trips arrive on-time (within 3 minutes after then& specified in the timetable). Trip times are tre¢dy short, and
vehicles therefore do not arrive late at the stbpsase a shift will take place to headway-basedrol, punctuality
requirements should be replaced by regularity requénts, because in that case vehicles often alabee in
northbound direction 43-83% of the vehicles ardwetime. The arrival punctuality norms set by tfansit authority
are thus not met85%).
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4.2. Scenarios

In this study, two scenarios are discussed: 1}itme extension caused by a detour and 2) a disrmuptused by the
opening of a bridge. For the first scenario anaatietour is simulated; the modification of the@tiimes is based on
actual AVL data from a detour in the first threeeks in March 2016. The distribution of the trip &g due to a
detour, are used in the simulation model. On aethg times on this route section were 1.5 anch8gilonger in the
southbound and northbound directions, respectivelihe second scenario, the disruption is caugeithd opening

of a bridge, the Lammebrug; a bridge located betvike stops Station Lammenschans and A4 P+R.

Disruption: travel time

The scheduled slack in the timetable, in ordertmpensate variation in trip times, is insufficiemtcompensate for
the extra time caused by this disruption, resultiimgore irregularity. As a consequence, the aweragiting times
increase. In addition, the variation in vehicledsas also higher, and there were, thus, also rmroreded vehicles.

The holding times were longer in order to reguthteirregularity on the line, resulting in longsxcte times
(+5%), but the variation in cycle times decreaseatjing to a regular service. When using the sdiedolased strategy,
the average CoV of the headways were high, impl¥fireguent bunching’, while headway-based conteads to
lower CoV implying ‘vehicles often off headwaygX).

The perceived times were relatively low. As a resfilthe lower irregularity, the waiting times weaso
shorter. The passengers were also more evenlydsprea the vehicles. In conclusion, the schedukedacontrol
strategies are not able to control the situatiarsed by the longer travel times, with drawbackstlier passengers.
The headway-based strategy, in contrast, is aldeabwith this disruption, resulting is savingeiperienced travel
times between the 5-20 %.

Disruption: bridge

The impact of smaller disruptions (the bridge bkxdtkhe road for 4 minutes) can be effectively raiigl. The

headway-based strategy is able in reposition vedicd order to resort again to a regular servics.liginching occurs,
which is almost unavoidable in case there is augtson of 4 minutes on such a high-frequency senvimt can be
solved by the cooperation of the vehicles alonditiee Bus bunching cannot be solved by the scleetaked strategy,
as visible in Figure 3.

Headway-based control - Direction1 Schedule-based contral - Direction 1

3
8

6500
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8
g
8

Arrival - 1035
Arrival - 1037
Arrival - 1039

Time [sec]
&

8
Time [sec]
o
2
8

Arrival - 1041

]
8
8
8

—@—Depart - 1035
Depart - 1037
—8—Depart - 1039

4500 4500

000 i 4000 Depart- 1041

FIGURE 3 Trajectoriesof four busesfor both headway- based control (left) and schedule-based control (right)
after the opening of the bridge

It is therefore concluded that the headway-basedesfy is also better able to deal with major gitons.
Hence, not only that the headway-based control doesesult with a snow ball effect in the evenadafisruption, but
rather vice-versa, it is effective in preventing Both the travel time and crowdedness in the \‘ehkiare more
advantageous for passengers in case the headweag-siastegy is used.

5. DISCUSSION

Based on the simulation results, schedule-basedheadway-based holding could improve service retula the
context of a high frequency regional service. Hojdstrategies are theoretically suitable to cordrthnsit service,
but in practice there are several challenges thatis to be dealt with. These challenges can bdetlvinto the
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execution of a headway-based holding strategy antt@ctual agreements between the operator andréytiThese
challenges will be briefly described in section.3rilsection 5.2. insights are used to generaliza¢sults.

Inevitably, a simulation study involves making piifications, e.g. driver behavior, that may infhee the
outcomes of the model. Notwithstanding, the modielutd be used as indication of the possibilitiestoategies,
because the model outcomes could be differentttitoutcomes when a strategy is put into practice.

5.1. Implementation of holding strategies
In case the operator decides to shift into a regwdriven operation, fundamental changes havegtanade, related
to technical, logistical and behavioural aspecit®esE aspects cannot be simulated and therefolie atpidy is needed
to test the working of headway-based control irctica.

Practical challenges with respect to the impleret#on of headway-based control may hinder the $bi&
headway-based strategy. The following operatioifeitdlties are identified:

- Technical: internal (board computer) and exterpalséenger information systems) data informatiow flo

may need to be adjusted.

- Logistical: more dynamic vehicle and crew planniagieeded. Also, information for traffic controleis

required so that they are able to interfere.

- Behavioural: drivers need to adapt their currentkimy style and traffic controllers need to knowawh

decisions they have to make considering servicelaeiy.

Next to the operational challenges for the operati®o authorities may experience them. Gradualthiaities
in The Netherlands will include regularity in themncession requirements. Although reliability igesty important
quality aspect, transport authorities do not haeersistent way in dealing with reliabilitY). There is a need to
introduce suitable inventive schemes to improveqiiaity. Goals should be determined that leadtemtives that
stimulate the operator to improve the quality, raftee current performance of regularity of a liseanalysed, as
proposed in4). In addition, the performance of services peregilly passengers can be taken into account, instead
of the performance of vehicles. Also, for the auitlyat would be beneficial to organise a pilot. fimat case, the
authority can determine what the effect is on pagses or whether other requirements need to beeabpl

5.2. Generalization
Based on the simulation results of the case stuelygiway-based control strategies better mitigeggutarity along
the line, especially when there are disruptiong Aadway-based control is effective in preveraisgow ball effect
in the event of a disruption. However, the improeais in normal situation where relatively small gared to the
schedule-based strategy.
We hereby sketch the most promising preconditiongntroducing headway-based control. The aspéets t

influence the performance of a strategy, are:

- Occupancy along the line

- Punctuality of a service along the line

- Regularity of a service along the line

- Schedule quality (slack time and turnaround timghantimetable)

- Frequency and severity of disruptions

In conclusion, if it is assumed that control isaeetin order to mitigate the irregularity of a seey several
aspects could determine what type of holding i¢ beitable. Figure 4 shows an overview of the cttarsstics of a
transit service that leads to favourable holdimgtsgies. It should be noted that the exact holdtrgtegies depends
on specific situations. In this figure, only aniication of the types are indicated.
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FIGURE 4 indication of the favourable holding strategy given different line characteristics

In general, in case there are early arrivals, sdleeblased control could also yield regular headwagsther
case where schedule-based control performs alativedly good, is when most passengers board deth@nal, and
there is enough slack time at this terminal in otdesolve delays from previous trips. It is import to notice that it
is expected that headway-based control performzrebmpared to schedule-based control, but therdiices
between the two types will probably be less whenlitie has these characteristics. Since theséareharacteristics
of the case study line, the benefits of introdudiegdway-based control is limited. In case a krelatively irregular
and when the occupancy increases along the lingweabased control is the preferred strategy. Hegelvased is
also preferred after disruptions. Whether theréaareugh early arrivals’, ‘many disruptions’, arahough turnaround
time’, is dependent on specific situations. Furttesearch is needed to determine these aspeaisititative terms.

6. CONCLUSION AND RECOMMENDATIONS

The main objective of this research is to develaplaulation and evaluation framework to systenadiffcassess the
effect of different holding control strategies imjdisrupted situations, while taking into accotire perspective of
passengers, the operator and the transport ayth®dlits framework consists of generating holdingtgtgies and
scenarios, that are tested on their performancedban different KPIs. Additionally, difficulties Wi respect to
implementing regularity-driven operations are idfeged and discussed.

Operators are interested in supplying a high-qualits service at the lowest possible costs. Aspetsed
to the cycle times are therefore of importancetieroperator. Holding vehicles lead to longer cyutees that could
also require a larger fleet size. However, basedwranalysis the effects of holding on the totalle time do not
lead in general to the need of more buses. Witteedo the reliability of a trip, the headway-bdsentrol strategies
offer a more stably reliable service along the hnel are also more robust with respect to disroptio

For the passenger, the effect of holding strategitsat the in-vehicle time increases in case rhotding is
applied. However, the waiting times decreases, rasut of more regular services. Also, the vaviatbf these time
components is reduced. However, the average ingmapassengers highly depend on the load patteng &he line.
The differences between different holding strategiee minimal in case most passengers board &riénals since
both strategies could facilitate regular departures

For the transport authority, the most importanteasjs that the service is reliable. Headway-bds#ding
regulates better the vehicles along the line. kedaeadway-based holding is the preferred stratbgyauthority
should change the punctuality requirement in thecession towards a regularity requirement.

Headway-based control strategies are better abtgtdate irregularity along the line, especiallyem there
is a disruption. However, at this moment, schedhalged control strategies are easier to implemeptdatice, and
the effect is generally the same when there is gimgilack time in the timetable.

Future research should examine the network relatpects of headway-based holding. More knowledge i
required on how exactly to include regularity reqoients in contracts and how to combine theseavitbnus-malus
scheme that works as a proper incentive for theabpe Moreover, additional research is needed wadpect to
service characteristics in order to be able tociaigi candidate services for either schedule- ahkagbased holding.
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One of the possibilities to obtain information dedt the holding strategies in practice is to cahdystematic pilot
studies.
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