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ABSTRACT

Ensuring reliable rail transit services is an intpot task for transit agencies. This paper desstibgsearch of
the effects of various terminal configurations ehability of services. Besides terminals, the tsscould also
be used for short turning infrastructure. Shontitog is a very widespread measure to restore seafter major
disturbances and in many rail networks, additieawédtches are constructed to enable short turning.

In this paper, it is suggested to consider reliiglalready during infrastructure design and the
mechanisms and effects of infrastructure desigrsikaogvn. Calculations of the average delay per Wehic
regarding three main types of terminals, show ffextof frequency on the one hand and occupamag ti
(determined by the distance from the switches égpthtform (i.e. length of the terminal), technitaining time
and scheduled layover time) on the other. The aukiat effect of arrival variability and the numhrlines
using the terminal is illustrated as well. It i that using stochastic variables, delays widuscalthough
they are not to be expected in the static caseb&hkeperformance regarding reliability is achiewelen
double crossovers are situated after the platfoBimgle tailtracks facilitating the turning process only
acceptable if frequencies are low. Although, , theyoften used in practice as short tuning fgditit high
frequent services. This research shows the largadtof occupancy time on expected delays. It is
recommended to minimize this time by designing stimtances between switches and platform andaeks.

Capacity management is not common use in trafsitiever, increasing frequencies and large
deviations force to consider limited capacity, whplanning infrastructure. If not, delays will oc@nd
additional measures are necessary to solve theiscohld be more expensive in the long run.
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1 INTRODUCTION

Ensuring reliable rail transit services is an intpot task for transit agencies. This paper focoseservice
reliability: matching the actual performance wille tschedule. Attention for transit quality and@éfincy in
general and reliability in particular is increasiigecent development and improvement of automatbadthe
location (AVL) and automated passenger counting@Asystems enable detailed research (as showmgby e.
1,2,3,4). Additionally, IT applications remove barriersitoplement measures to improve reliability (e.g.
computer aided dispatching systems, as describ€sl@y)). In literature, several options are presented to
improve reliability (e.g. holdingg), conditional priority 9), coordination of serviced) and slack allocation
(11)). Much attention is paid to operational measijeeg.5,12). Both in literature and in practice, little effas
devoted to the correlation between infrastructangfiguration and reliability, although a high lew#lreliability
never could be achieved without a proper desigemfinals, stops and junctions. It8] is stated that with
increasing ridership and rising expectation onsailice quality, terminal capacity and performahaee
become a major concern for transit agencies. Refs@arthe effect of terminal configuration on gtyabf
service is presented, but the results are limibeahty one type of terminal. It also concludes thate is a lack
of well-established concepts and tools in the exjstil transit literature that a transit ageney eise to assess
capacity and performance of heavily utilized raininals. In {4), interesting results on capacity assessment are
shown as well. However, this focus is on junctidng15) is elaborated on capacity in urban rail trarcsit, t
showing a case from Copenhagen.

This paper describes research of the effects @dwsiterminal configurations on reliability of ser@s, based on
simulation studies. Besides terminals, the resatdd also be used for short turning infrastructiitas
infrastructure enables service restoration if & phthe infrastructure is temporally unavailakds gescribed by
(16)). The main variables are the number and locatifissvitches and the number of available tracksidgss
schedule variables, frequency, layover time anctther relief process are of importance as well.

2. SERVICE RELIABILITY INTRANSIT

2.1 M easuring Reliability

Within the transit industry, punctuality (i.e. asge schedule deviation) is a commonly used indidatpresent
the level of reliability. Another often used onelig percentage of vehicles experiencing a schebhliy within

a bandwidth (e.g. between 1 min. early and 3 naite)! In high-frequency systems, more focus on \vagd
deviation is common, while travelers tend to arate@andom 10). Although these variables give an impression
of service performance and reliability, the maiouse is on the vehicles. The perception of the pagss is not
explicitly measured by these indicators. More fosngpassengers’ effects is needed (see E7Y). To measure
the perception of passengers explicitly, the addl travel time, due to unreliability is a projedicator (7,18).
Using actual performance and actual passengers, the effect of unreliability could be calculatedmparing
the actual performance with the 100% regular seniit (3,19) is stated that besides the average travel tinee, t
95-percentile value of travel time should be takea account as well, while passengers have to d&idg this
time. They experience this travel time about oreerponth, and if they don’t want to be late attheistination,
they have plan this time and budget it. This addai time is called Reliability Buffer Time (RBT).

2.2 Calculating Reliability

As stated before, the additional travel time and’'RBuld be calculated if actual performance ancg@agers’
data is available. Equation 1 is used to calculaedeviation of the timetable. Equations 2-3 emablculating
the effect of schedule adherence on additionaétritime. Both the average waiting time and the RB&
calculated. This research focuses on situationseyp@ssengers arrive randomly at the stop. If pagss arrive
at random at the stop, even headways are impottemeby minimizing the waiting tim&(@). Equations 4 and 5
are used to calculate the average waiting timgpssenger on the line, where the number of boasgiagstop
is taken into account to achieve a weighted t&qlation 6 adds the RBT and average value, usingjige
(relative to in-vehicle time).

pi’j = Di’jactual _ Di'jSChall (1)

waiting — HSChed * actualy 2
T, B (c(H™)%) )
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RBTjwajting :TQS%;/jljajting _-I-jwaiting (3)
waiting — % T waiting
T = Z a,*T, (4)
j
. 0 .
RBT waiting — z a,j * RB-I—jwamng (5)
j=1
T = estop *Twaiting + BRBT* RBTwaiting (6)
where:
B = punctuality of vehicle i at stop j (referenaese)
Di, jam“aj = real departure time of vehicle i on sidppeference case)
Diyjs’Ched = planned departure time of vehicle i on stop
i = trip number
| = stop number
'I'if’;amng = additional waiting time due to vehicle i at stop j
RBTjWajting = Reliability Buffer Time at stop j
T = average additional waiting time per passenger
psched = scheduled headway
Hactal = actual headway
Cy = coefficient of variation
aj = proportion of passengers boarding at stop j
Hsmp = relative perception of waiting time
HRBT = relative perception of Reliability Buffer Time

2.3 Effect of Punctual Departureat Terminal

A key priority for transit agencies is on-time depee at the terminal. Earlier research statedtti@punctuality
at the terminal (p) greatly affects the additional travel time oftadlvelers on the line7f. A case study is
performed in The Hague in The Netherlands to agbessffect of departing on time from the termioal
additional travel time. Equations 7 and 8 are useagssess the effect of punctual departure on séhed
adherence on the complete line. A new punctuaitselculated for all stops, adjusted for punctegdatture.

Diyjactual_nem - Di’jactual _ p|,1 (7)
— ctual sched (8)

plnel:w — Di,ja ual _new __ Di,j

where:

actual _new _ . . .
Di]j = actual departure time of vehicle i on sjgpew case)
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After the recalculation of the punctuality of alps and stops, a new additional travel time iswdaled, using
equations 2-6. This model assumes that the changerictuality along the whole line is only affectadthe
punctuality change of the first stop. This will éetd an underestimation of the new effect: in teaé the effect
of bunching will increase an initial deviation, @sscribed byZ1). Despite this underestimation, the model is
able to clearly illustrate the importance of puattdeparture.

For several tram lines in The Hague, it is calmdavhat the decrease of additional travel time per
passenger (including RBT, see equations 2-6) iswvdeparture punctuality would be 100%. The chareties
of these lines are given in table 1 and figure dwshthe results. Actual passengers’ and trip tiata of April
2007 (AM peak) are analyzed, using the TriTapt {88). The differences between lines are caused mainly
varying actual punctuality characteristics of time

Figure 1 clearly shows that departing on time cdeidl to large travel time reductions. Traditiopadiuch a
finding leads to the conclusion that driver disitiplshould be enforced; however, for rail boundligubansport
the design of the terminal infrastructure playsmaportant role as well, besides proper timetabkigie The
next paragraph explores the effect of the desigerofinals and the impact on reliability.
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3. TERMINALSTYPESAND CHARACTERISTICS

Rail terminals could be designed in many ways: heats of types exist over the world. The key designable
is whether to choose a loop or a stub-end. Althdaghs require a lot of space, most of the timér tbegpacity is
larger than stub-end terminalk3(14). When bi-directional vehicles are used and sjmtaking, a stub-end
terminal is frequently chosen. The main benefithid type is that it does not require much spate. T
disadvantage compared to loops is that capaciiyited, which could lead to delays.

Figure 2 shows the three most popular types tfehd terminals and the processes at these tesninal
They have zero, one or two tail tracks. These tgsesanalyzed in this research. Type A enablesngitrefore
the platform, the other two after the platform.type A, the vehicle arrives at and departs fromsthme track,
while at type B and C these two actions are peréoriat different platforms. Note that besides thebtk
crossovers illustrated in figure 2, universal covgss are often designed as well. The differendke double
crossovers, in terms of capacity, is that the dguimes necessary to proceed from the switchegtatform
differs per track. But in general, this is onlyeavfseconds (if the crossovers are located closadh other).
Besides enabling the turning process, terminalfdcalso be used for parking vehicles. One vehiolgd be
parked at type A, although still only one track Icoloe used for the turning process and capacityidvdrop. At
type B, no parking is possible without blocking thening process. Type C has space for one par&bitle at
one tail track. Note that the turning process ckartg type B then. Additional parking spaces cta@dichieved
by extending the platform tracks (type A) or thiétracks (type B and C). To optimize flexibilitgpace usage
and understandability for passengers, an islartfopfa is chosen. These three terminal types arbalsec ones:
some combinations or alternative designs are afseoalso possible.

The analysis of these three types could also éé g assessing the effect of short turning
infrastructure on the line. Short turning is a vesigespread measure to restore service after mdgturbances
and in many rail networks, additional switches@astructed to enable short turning. Type A is kintb short
turning with a double crossover before the platfonthile in C the crossover is after the platforrgp& B is
similar to short turning infrastructure where onlye crossover is available. This could be both ftheright
track to the left track or vice versa.
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The infrastructure elements offer restrictionsareling capacity. Hence, timetable and operaticsalés can be
restrictive as well. The main factors affecting acipy are:

- Number of lines;

- Frequency;

- Coordination in case of more lines;

- Distribution of arrival times of vehicles;
- (Slack in) layover time.

In addition to these variables, the method of ciramthe driver is of great importance: is the drizhanged at
every turn (possibly saving the walking time frame front end to the rear end of the vehicle) orsdweremain
in his own vehicle, resulting in additional layovene (i.e. walking time)?
In this research, the time elements at the tedmaiacombined to “occupancy time”. This time cetsi
of the following elements (which are illustratecfigure 2) for type A:
e Approach time
The time required to drive from entering the terahiat the switches to arrive at the platform. Thie
is a function of characteristics of the vehiclascgleration, deceleration, maximum speed) and
infrastructure (tail track length, maximum speédveed at track and switches)
*  Platform time
The time between arrival at the platform and thmetwhen the vehicle is ready to leave (according t
the schedule and union agreements). Generallyithésconsists of:
- Technical turning time
The time to start up the vehicle to depart ingpposite direction (e.qg.
walking time of the driver to go the other patgrt up the board computer)
- Break
The time the driver is allowed to rest (if nelieved)
- Synchronization time
The time needed to depart by schedule again.tithéoccurs if the cycle time is
not an exact multiple of the headway.
- Dwell time
The time needed for passengers to alight or board
e Exittime
The time required to drive from departing at thefprm to leaving the terminal at the switchesisTh
time is a function of characteristics of the védso(acceleration, deceleration, maximum speed) and
infrastructure (tail track length, maximum sped#dveed at track and switches).

For terminal type B and C the occupancy time cassib(illustrated in figure 2):
e Approach time
The time required to drive from entering the tarahito arrive at the platform.
e Alighting time
The time required for passenger to exit the vehadter arrival at the terminal
e Tail track approach time
The time required to drive from the platform te thil track. This time is a function of charactéds
of the vehicles (acceleration, deceleration, maxmspeed) and infrastructure (tail track length,
maximum speed allowed at track and switches)
e Tail track time
The time between the arrival of the vehicle atttiktrack and the time when it is ready to leave
(according to the schedule and union agreemdas)erally this time consists of:
- Technical turning time
The time to start up the vehicle to depart ingpposite direction (e.g.
walking time of the driver to go the other sentistart up the board computer)
- Break
The time the driver is allowed to rest
- Synchronization time
The time required to depart on schedule agaiis flihe occurs if the cycle time is
not an exact multiple of the headway.
e Tail track exit time
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The time required to drive from departure at tikttack to arrive at the platform. This time is a
function of characteristics of the vehicles (aecatfion, deceleration, maximum speed) and
infrastructure (tail track length, maximum spe#dveed at track and switches).

e Boarding time
The time required for passenger to enter the \ehic

e Exittime
The time required to drive from departure at tlfprm to leaving the terminal.

It is important to note that in the case of no ti@itks certain time components, such as dwellintgtachnical
turning, could occur at the same time, therebyrgptatal occupancy time. The break and synchrooizdaime
could be combined with boarding time in the caseraf or two tail tracks. If signaling is appliee ttime
mentioned above is extended by typical signalimgtcomponents, as switching time and clearance Buie
this is not considered in this research.
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4, TERMINALSAND THEIR IMPACT ON RELIABILITY

4.1 Calculation Model

A simulation tool has been developed to estimaartipact of the configuration of terminals showrttia
previous paragraphs on service reliability and @alul travel time for passengers. The tool gemsratriving
vehicles, considering both the schedule and deviatiChecks are made whether tracks are availdilet,
waiting time is calculated until a track is aval@bAt the platform track, turning is simulatedvesll as the
departure of the vehicle. The output is the sizbthe probability of the delay per vehicle due apacity
restrictions. Without additional measures (e.gclsia layover time), this delay will prevent vetaslfrom
departing on time, leading to additional traveldifor all passengers on the line. The previousgrapd already
elaborated on this aspect. Further research chol the expected additional travel time for passenidue to
the vehicle delay. This is yet not implementedhia inodel.

The simulation steps for all three types of temtsrare shown by figure 3. Note that for type @ehr
waiting queues are considered, while types A amhlg have two possible queues. If no platform trick
available, the vehicle has to wait in queue 1 fledat the access point). Queue 2 is located opl#trm
track and is used if a vehicle wants to departevaitother one is entering (terminal type A) or whernail track
is available (terminal type B and C). If a vehideeady to depart the right tail track of termi@ahnd another
vehicle just enters the left tail track, this vadibas to wait as well (queue 3). To prevent wgitine to use of
the double crossover by another vehicle, the predieairrival track is the one where departing dadsmerfere
with arriving.

4.2 Input and Output of the M odel

The following input is used for the analysis. Thedal is run 30 times (one rush hour) with various
combinations of these variables to calculate tlegaye delay per vehicle.
« Service frequency: 4 to 24 vehicles per hour
e Occupancy time: 60-600 s. This time consists of;
- Approach time
- Technical turning time
- Layover time
- Egresstime
Chapter 3 described these elements in more detail

+  The values for@ in equation 6 are (as proposed B))(

Oip =15
Oer =07

< Arrival pattern: Arrival pattern of vehicles is meldd by using scheduled, even, headways and a
distribution function of deviations, shown in figu4.

The average delay per vehicle due to congestitireaerminal is the output of the model. This resul
calculated by weighting the delays at the queubogtions (as described in the previous sectiortheyhnumber
of vehicles which have passed the specific queue.

43 Performance of Terminal Types

To assess the performance of terminals, the thegdylpes are analyzed in a quantitative way, vatpect to
vehicle delays. The effect of various values fa tiain variables on the delay is assessed in todivelop
graphs enabling quick scans during design. Theageedelay per vehicle is shown in figures 5, 6 and
respectively, for the three types of terminalsthiése figures the occupancy time is one axis artti@other is
the number of vehicles entering the terminal perhArrival deviations as described in paragraghate used
as input. Besides, two values for the static ocoapare indicated as well (for every frequency gred): the
green circles show the 50% static occupancy andettheircles show the 100% value (i.e. in thedng, terminal
is utilized to the maximum extent).

The results of the terminal without tail tracks whiat in the case of only a few vehicles per hdetays arise
almost in the case of 50% static occupancy. Ifdeggpy increases, delays start to occur when thie sta
occupancy exceeds values of about 75%. For alliéecjes analyzed, no delays occur if occupancy igness
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than 240 s. If this value increases, the averatgy decreases quickly if the frequency is 20 vedgobr more per
hour. Occupancy time of 420 s. creates significketdys for frequencies over 8 per hour.

If a terminal with one tail track is applied, thiéference between the 50% and 100% of static oqutypes small
(figure 6). Delays occur much sooner than in treea the other two terminal types, due to thetéohispace for
turning vehicles. No effects are to be expectdédafoccupancy time is less than 120 s. Frequerdiesal or
larger than 16 vehicles an hour show a large iserédadelays if occupancy time exceeds this vdfugeneral,
delays arise if static occupancy reaches about Pigare 6 also shows that if the frequency is 4icleb an
hour or lower, no delays are to be expected at all.

The results of the two tail track terminal (figufeshow that this type provides the best opporiesifor dealing
with larger numbers of vehicles. Below an occupaimg of 240 s. no delays are to be expected atnalifor
frequencies lower than 12 vehicles an hour, evéns6@f occupancy time does not lead to significkatays.
However, when the static occupation exceeds 90%taysiéend to increase quickly.

4.4 Impact of Arrival Pattern and Number of Lineson Delay

This section shows the effect of larger variabilityarrival time deviations on the average deldye Trequency

is set to 12 vehicles an hour. Figure 8 shows #eel distribution of deviations of arrival time. $hirrival

pattern is heavier distributed than the one appligtie previous analyses. Actual data of a liglitime in The
Hague, RandstadRail, is usdg). (Figure 9 shows the results for all three terinipes. The average delay in the
case of the regular schedule distribution is alsa.

Figure 9 illustrates that the effect of larger aéility is negative: the average vehicle delayihaseased in all
cases. Compared to the regular distribution ofatewis (figure 4) the average delay is about 206rger. If the
one and two tail track types are analyzed, deltars ® arise with a lower value of occupancy timbe
distribution of deviations is thus important toaakto account when designing terminals. The mgjaf
analyses consider only the schedule, which singsylts in a static analysis.

The number of lines could also be of influencgerformance. For the total frequency of 12 vehicles
an hour, an analysis is made of both one line aadihes. Both lines have the same schedule deviati
distribution (figure 4) and they are not optimadlyordinated (no evenly scheduled headways). Nateftthey
are optimally coordinated there is no differenceMeen one or two lines (if both lines have simgahedule
adherence). The difference between the schedule@larof both lines (off-set) is set to 3 min. ¢an min.).
Figure 10 shows the results.

Figure 10 clearly indicates that the effect of times is negative, compared to one line offerirgghme total
frequency. Besides the increase in delays, thepation time, when delays are getting introducedehses as
well. These results show that while assessing telsiicapacity, the number of lines and their (lafk
coordination is important.

5. CONCLUSIONS

Reliability is one of the key quality characteigstin urban public transport. Unreliability of thablic transport
system extends travel time and thereby competititim other modes will be harder. This paper death the
impact of rail terminals on reliability. Althougleliability is considered to be very important, les®ntion is
paid to preventing deviations by designing optiteaminals and short turn facilities. During thefi@structure)
design process of public transport, reliabilityét explicitly taken into account, which could ledsuboptimal
terminals. Although, operational and/or timetabkasures can heal the effects of the suboptimadjdetiis is
just partially.

In this paper, it is suggested to consider rditgalready during infrastructure design and the
mechanisms and effects of infrastructure desigrskaogvn. Calculations of the average delay per \ehic
regarding three main types of terminals, show ffextof frequency on the one hand and occupamag ti
(determined by the distance from the switches égpthtform, technical turning time and schedulsaVer
time) on the other. The substantial effect of airixariability and the number of lines using thertmal is
illustrated as well. It is shown that using stotltagariables, delays will occur, although they act to be
expected in the static case. The best performagaeding reliability is achieved, when double covsss are
situated after the platforms. Single tailtrackslfiating the turning process are only acceptabfeeqquencies are
low. Although, , they are often used in practiceslasrt tuning facility for high frequent servicdsis research
shows the large impact of occupancy time on expedédays. It is recommended to minimize this tinge b
designing short distances between switches anfbptatind tailtracks.
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Capacity management is not common use in trateitiever, increasing frequencies and large
deviations force to consider limited capacity, whilanning infrastructure. If not, delays will ocand
additional measures are necessary to solve theiscohld be more expensive in the long run.
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TABLE 1 Characteristics Case Lines
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Line | Direction Headway Length [km]
[mins]

1 Delft (DT) 10 20

2 Leidschendam (LD) 8 13

9 Scheveningen (SN) 5 14

11 Station Hollands Spoor (HS) 10 8

12 Station Hollands Spoor (HS) 8 7

15 Moerwijk (MW) 8 17

17 Statenkwartier (ST) 8 16
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FIGURE 1 Effect of on Time Departure at Terminal on Additional Travel Time per Passenger.
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FIGURE 2 Three commonly used Terminal Types (a) and Processes (b).
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FIGURE 3 Simulation Stepsfor Three Terminal Types (A= No Tail Tracks, B=1Tail Track and C=2

Tail Tracks).



N. van Oort, R. van Nes

18

40%

35%

30%

25%

20%

Probability [%]

15%

10%

5%

0%

-90

-30

0
Schedule deviation [s]

30

60

90

FIGURE 4 Variability in Arrival Time Deviations.



N. van Oort, R. van Nes

Avg Delay [s]

0 0-20 B 20-40 0 40-60 O 60-80 B 80-100 O 100-120 B 120-140 O 140-160 W 160-180

Frequency
[veh/hr]

60 120 180 240 300 360 420 480 540 600
Tocc [s]

FIGURE 5 Average Delay asa Function of Occupancy Time and Service Frequency, no Tail Tracks.
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FIGURE 6 Average Delay asa Function of Occupancy Time and Service Frequency, one Tail Track.
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FIGURE 7 Average Delay asa Function of Occupancy Time and Service Frequency, two Tail Tracks.
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FIGURE 8 Distribution of Schedule Deviations, heavily disturbed Case.
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FIGURE 9 Effects of Schedule Deviations on Average Delay per Vehicleat Terminals.
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FIGURE 10 Effects of Number of Linesat Terminalson Average Delay per Vehicle, Total Frequency of
12 veh/hour.



