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ABSTRACT

Unreliability of public transport is a well-knowrrgblem. During the design stages of public trants pittte
attention is paid to operational reliability, altlgh many design choices have a great impact ordatghe
adherence. During the network design, reliabiliigidd be taken into account as a design paranmigtes paper
deals with line length. A new design dilemma isaduced: length of line vs. reliability. Long lineffer many
direct connections, thereby saving transfers. Hanethe variability is often negatively relatedthe length of a
line, leading to less schedule adherence and addlitivaiting time for passengers. This paper suggdaking
into account both the positive and negative effe€extending or connecting line . A tool is deyzd to
calculate the additional waiting time due to vaitingband transfers based on actual journey and¢rger data.
A case study in The Hague shows that in the cakengflines with large variability, splitting thané could
result in less additional travel time because girioned reliability. This benefit compensates far gdditional
transfer time, provided that the transfer poinw@l chosen. This research shows the effect of wherransfer
point is chosen at stop with many and fewer passaglers. The latter could lead to a decreasdbofit 30%

in additional waiting time. Splitting a long lineto two lines with an overlap in the central pantid even result
in more time savings. In that case, fewer travetenge to transfer.
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1. INTRODUCTION

Many characteristics of urban public transportuafice mode choice of passengers. Price, imagecsnitit
are examples. One of the most important aspettavs| time: the time a traveler needs to arriveist
destination. The speed of the vehicle greatly eriles the travel time, but is not the sole fa&darge part of
an urban public transport journey is waiting tinhéhe stop and transferring. Variability in drivitignes
influences this waiting time, as is statedih (arge variability decreases schedule adherendelais
reliability of the transport service.

Improving the reliability of public transport is1tamportant research subject. Much research isugedc
on how reliability can be improved during operatioBxamples are: priority at traffic lights, holdiand
dispatching strategies (e23,4,5 and control systems (e, 7).

During the design stages of public transport, &tntion is paid to reliability of operationsthelugh a
lot of design choices have a great impact on sdbetiherence (e.d.8). Both during the network and
timetable design reliability should be taken into@unt as a design parameter.

This paper deals with the design parameter lingtte In the Netherlands, there has been increased
focus on connecting lines. An example of such aeotion is RandstadRab). This new light rail system
replaces and connects two tram lines, two formaxyeail lines and one metro line. The added valudese
new links is a more direct connection from origirdestination. Passengers do not have to trans§enare to
reach the city centre, for example, which savesmtime. But when a line is extended there is a chari an
increase in variability and thus unreliability odmsport services. This could lead to additiorelet time.
During the design process, it is important to ta&th the effects of extending or connecting limgs aiccount:
both the time savings as well as the possible it travel time due to larger unreliability. Thissign
dilemma is analyzed in this paper in a quantitatag, using a tool calculating additional travehd for
passengers due to unreliability and transfers.
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2. NETWORK DESIGN

2.1 Network dilemmas

The network design of urban public transport cdag$ two parts: the infrastructure design andsirice
network design. Especially in rail networks thessidns are heavily connected. In this researcfothes is on
service networks: the network of public transpores.

The following main variables for the network des@am be distinguishe® (10}

. Line density
. Stop density
. Frequency

Line density is the total length of lines in a e@ntarea. This determines the coverage of pulditsport. The
stop density is the number of stops in a certada.afhe more stops, the shorter the distance frando the
stop is, but the slower the system will be. Thé important aspect is frequency; the number obtdpring the
day. This determines the availability in time obpa transport.

In (10) is shown that the above criteria lead to some oktwesign dilemmas, when a design is made witdfix
costs. These dilemmas are:
- Stop density vs. driving time
The more stops there are, the shorter the adoesdd a stop will be. However, the operationalespef
the system will decrease.
- Frequencies vs. line density
Designing more lines implies a lower frequencytlmse line compared to a network with less lines.

One dilemma, which is missing is the dilemma o¢ liangth vs. reliability. Van Oort stated b1} that there is a
positive relation between line length and variapiiif driving times. This variability leads to utiebility.

Figure 1 shows the standard deviation of drivingetias a function of the distance for all bus aadhtlines in
The Hague. During a month one morning peak hoprigranalysed. As to be expected, the distributicreases
with the length of the line. The increase in ddweiafor the bus lines is greater compared to tamftlines.
Contrary to tram lines the distribution of traviehés of bus lines sometimes decreases. This isibeaz
operational measures like holding vehicles aheatloédule at a stop. Despite these measures sthigaliion

of driving times of bus lines is still greater thitwat of tram lines. This is probably because efléss proportion
of buses having their own right of way. For thertliaes the average increase of the standard demiaill,1
s/lkm. For bus this increase is even larger: 1k s/

Variability of driving times leads to poor scheel@dherence and longer travel times for passengers.
Research]1) shows the relation between variability in drivitiges of vehicles and travel times of passengers.
It is illustrated that poor schedule adherenceatadd to an average of over 3 minutes additioa&kt time per
passenger of a line. In urban public transport,trjmsneys are short, so this additional waitimgdicould lead
to 25% additional travel time for the total journeggardless of the perception of passengers dingais.
driving.

2.2 Linelength vs. reliability

The former paragraph introduced a new network dedigmma: line length vs. reliability. Long linesnd to be
less reliable so at the moment of designing thiess it would be interesting to take this explicitito account.
Designing shorter lines or splitting existing owesild be a solution. However, the effect of thaticé is that
fewer direct connections are offered, which mealtitmnal transfers and thus additional travel tifiee
question which will be answered in this paper ig1aiMs the effect of splitting public transportdminto two
parts on travel times, taking into account the afté variability and an additional transfer?

Figure 2 illustrates the effect of decreasing lamggth. Line 1 operates from A to B. The varidpibf
driving time increases along the line. Line 2 is §ame line as line 1, but this line it is dividetb two parts:
From A to C and from C to B.

Two main differences exist between line 1 and 2:
- The variability of line 2 is smaller
- Introduction of a transfer at C for line 2
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The additional transfer will lead to additionalehtime for passenger passing point C. The deergas
variability will lead to better schedule adhereacel shortens additional waiting times for passetrgeeling
between C and B.
The trade-off between the additional transfer lagiler schedule adherence depends on the following
variables:
- Travel patterns of passengers: the location oftg@iis important in terms of the former number of
travelers traveling over C
- Frequency: Both the waiting time at C due to traméfig and the waiting times at other stops depend
on the frequency of the line
- The schedule adherence: additional waiting tinth@stops depends on the deviation of the timetable

From an operator’s point of view, splitting linesutd lead to additional costs. This should be takémaccount
during design as well. This research only focusethe passengers effects.

3. CALCULATION MODEL EFFECTSLINE LENGTH

To deal with the new design dilemma of line lengshreliability, a tool is developed to calculate tverage
waiting time of all travelers on a line. This adaliial waiting time arises because of poor scheddlerence
and transferring (in case of splitting the linehiditool uses of the following input:

- Actual data of driving times of trips

- Actual data of travelers boarding and alightening

- Frequency

- Location of transfer point

The first step in the model is to calculate schedwaherence at every stop. Formula 1 shows theufarta
calculate punctuality:

real __ planned
S|t -t )

n —-—_1

P =

ni

where

[J =average punctuality at stop j

£, = real departure time of vehicle i at stop
t,”@"d = planned departure time of vehicle i at stop j
n; = number of vehicles
i = stop index

i = vehicle index

Punctuality is a commonly used indicator of religji but does not take into account the differebebveen the
effect of driving ahead of schedule or driving lake consider this effect, the model computes tditenal
waiting time per traveler at a stop. Formulas hdvgthe algorithms. Passengers are assumed te &etween
2 minutes before and 1 minute after the schedudpadure and therefore they will not incur any &ddal
waiting time if the vehicle departs in this timendow (L2). It is important to note that there is a diffezen
between driving ahead of schedule and driving &e. IDriving ahead leads to a waiting time equahéo
headway. Especially in case of low frequencies, téans a large increase in waiting time. Drivatg treates
an additional waiting time equal to the delay.
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The additional waiting time is first calculated ¢op and afterwards it is computed as a weightedage for
all passengers on the line, depending on the nupfi@srardings per stops.

ET, = H, ps— 12 @
Ei; =0, - 12& p< 6
ET; =Py, T
2.ET, ©)
ETI =t
n
ETstop = Z a i * ET] @)
i
where:
ETi; = additional waiting time due to vehicle i at stpp
H = scheduled headway
Pij = deviation of vehicle i at stop j
ETsp = average additional waiting time per passengettioe line
7 = proportion of passengers boarding at stop j

In the case of splitting the line into two partdransfer is introduced, leading to additional wajttime for
passengers who want to pass this point. Formulastsw the related computation, including the datoon of
the average effect for all passengers. At the teaoint the punctuality is set to zero and iteleps as it did
on this part of the route before splitting.

In the end all waiting times per stop are addaking into account the number of passengers aia st
and the number of passenger who have to trandfierrdsult is the average additional travel timeafor
passengers on the line. This is calculated fostemario of one long line and two short lines witinansfer
point. This makes it possible to compare two sdesand analyze the design dilemma of line length a
transfers.

H 5

e =1 ©)
- 2

— 6

ETtransfer - ﬁt_ p* ETt_ ©
- 7

ETtotaI - E-I;top+ E-I;ransfex ( )
where:
ET., =additional waiting time due to transferring at trsfer point
ETuanster = @dditional travel time per passenger due tasgerring
Bi o = proportion of passengers passing the transfanp

ETwoa = mean additional waiting time per passenger onlthe
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4. CASE STUDY: EFFECT OF SPLITTING LINESIN THE HAGUE

The approach described in the former paragraphed for a case study conducted in The Hague. Adatal of
driving times and the number of travelers are ueezhlculate the effect of splitting long linesaritvo parts.
Line 1, a tram line of 20 km, is used as an examfd¢he end of this paragraph, additional resoftsther tram
lines are given. Table 1 gives the main charadiesisf the lines used in this case.

4.1 Case study tram line 1
As stated earlier, the pattern of boarding anchédiging is of great influence in the case of intrtidg a transfer
to improve overall reliability. Two examples of ptoof line 1 illustrate the effect of this factdm.figure 3 the
part of travelers who are passing a certain stepgaren as a percentage of the total numbers oélees. The
stop “CT” (i.e. City Centre) has a percentage dfol@assing passengers, which means that 12% ofexf wf
this line travel over this point. At the stop “H@’e. Heerenstraat) more passengers are passirggpdtt of line
1is used by a large number of passengers, buhaoy are boarding or alightening here.

In this paragraph two computations are made ofrtean additional waiting time per traveler if both
stops are used to divide line 1 into two parts. [Deations to split the line are chosen regardirgdassing
number of travelers or the division of the linegwo equal parts.

4.1.1 City Centre as a transfer point

The first scenario is City Centre (“CT”") as a triangoint. This location is chosen, because masggrgers
exchange at this stop. The results of splittingearehown in table 2. Figure 4 illustrates theatféé variability
on additional waiting time per stop.

These figures show a large decrease of the additigaiting time at stops. The punctuality restores
after the transfer location and so does the additizvaiting time. Introducing a transfer leads dadliional
waiting time, but because of the small number @fgters making a transfer this effect is not gesat is even
smaller than the decrease in additional waitingttune to splitting.

4.1.2 Heerenstraat as a transfer point
Another possible transfer point is the middle p&lil. Splitting the line here divides the linewotequal parts.
The results of splitting are shown in table 3.

These results show a decrease in waiting timeeastops: because the line length in the case®f tw
lines is shorter, the variability does not readjhhralues, leading to less additional waiting temetops.
However, the introduction of the transfer will lefdmore waiting time and because the number dfipgs
travelers on this stop is high, many passengetsngilir this transfer penalty. This additional virt time due
to transferring is not compensated by the benéfitluigher schedule adherence.

4.2 Analysisother lines

Similar to the calculations of line 1 above, anlgsia is made of other long lines in The Hague. Tewllts are
shown in figure 5. The effect of splitting the Iindiffers per line, because of differences in trgatterns and
punctuality characteristics. The additional waittitge due to transferring on line 15/16 is very Bpigecause
this line actually consists of two lines, which amnnected to each other only because of efficiematyto offer
more direct connections. It can be seen that ffidency measure increase the additional waitingetby 50%.
The effect of splitting is positive for line 17 agll; the effect is about 30% less additional wegjttime.

Although it was to be expected that splitting bns 23 would decrease the additional waiting timse
well, line 23 is by far the longest and least puattine in The Hague, the effect of splitting sgative. Figure 6
shows the main reason for this effect: there igleal location for a transfer point on this linkethumber of
passing passengers on the main part of the linevisr below 18%.

On line 23 there is no stop where enough passemgehange. In this case, splitting the line widme
overlap could be a solution, as figure 7 shows. $ytitting the line at C, but at D and E, with degrbetween D
and E. This way fewer direct connections are rerdoveis clear though that this solution leads toren
expensive operations due to the overlap. This addsw dimension to the previously mentioned dilemtha
additional operational costs vs. the additionahltslity benefits. Additional research is neededtuis topic. The
calculation model presented in this paper is tadjasted to assess the effects of this.
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5. CONCLUSIONS

This paper describes research on network designbain public transport, taking reliability expligiinto
account. An additional design dilemma is introducbd length of line vs. reliability. Long linesfef many
direct connections, thereby saving transfers. Hanethe variability is often negatively relatedthe length of a
line, leading to less schedule adherence and addlitivaiting time for passengers. This paper sugdaking
into account both the positive and negative effé&xtending or connecting lines. A tool is deveddgo
calculate the additional waiting time due to vailigband transfers based on actual journeys ars$@rgers’
data. A case study conducted in The Hague showsntlize case of long lines with large variabiligplitting
the line could result in less additional traveldintue to improved reliability. This advantage congages the
additional time of transferring if the transfer piis well chosen. This research shows the efféetnithe
transfer point is chosen at a stop with many amefeassing travelers. The latter could lead teaehse of
about 30% in additional waiting time. Splittingany line into two lines with an overlap in the cahpart could
even result in more time saving. In that case, faveevelers have to transfer.

The analysis in this paper illustrates that theee @pportunities to increase the level of reliapiin
urban public transport by adjusting the designhef hetwork as well as timetable planning. HTM anlftD
University of Technology continue their researchtbese topics to achieve a better way of planniingriban
public transport which results in a higher levetalfability.
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TABLE 1 Characteristics of Linesused in the Case Study

Line Direction Length [km] Headway [min]
Tram 1 Delft 20 10

Tram 15/16 Moerwijk 17 10

Tram 17 Wateringseveld 16 10

Bus 23 Kijkduin 29 10

Data gathered from March 2006, working days, duritay hours (9 a.m. - 4 p.m.) (13)

11
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TABLE 2 Additional Waiting Time per Passenger due to Variability of Driving Times and Transfers for
Line 1 (Transfer at City Centre)

Scenario M ean waiting time[g] Waiting time at stops[s] | Transfer waitingtime[s]

Line 1 Reference 100 100 0

Line 1 Two Parts 73 36 37
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TABLE 3 Additional Waiting Time per Passenger due to Variability of Driving Times and Transfers for
Line 1 (Transfer at Heerenstraat)

Scenario M ean waiting time [g] Waiting time at stops[9] Transfer waiting time [

Line 1 Reference 100 100 0

Line 1 Two Parts 172 65 107
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FIGURE 1 Standard Deviation of Driving Times[s] (white= Tram Lines; black= BusLines)
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FIGURE 2 The Effect of SplittingaLine (at C) on Variability
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FIGURE 3 Number of Travelers Passing a Stop as a Per centage of Total Boardingson Tram Line 1
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FIGURE 4 Additional Waiting Time per Passenger due to Variability of Driving Times and Transfers per
Stop of Linel
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FIGURE 6 Number of TravelersPassing a Stop as a Per centage of Total Boardingson BusLine 23
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FIGURE 7 Splitting aLine into Two Partswith an Overlap



