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ABSTRACT

This paper presents research on synchronizatitnamsfers and its impact on service
reliability from a passenger perspective. Passergjability is analyzed for the case of a
multi-operator transfer node. A method is develofmechlculate the passenger centered
reliability indicators: additional travel time ameliability buffer time, using scheduled
and actual vehicle arrival and departure timesagput. Five major factors are
identified as affecting reliability at a particul@ansfer: scheduled transfer time,
distributions of actual arrivals of the first aretend line, headways, transfer walking
time, and transfer demand. It is demonstratedreabnetwork case that changing a
specific transfer has effects on other transfemnfthe transfer point. This method can be
applied in a cost benefit analysis to identify biemefits and costs of reliability for
different groups of passengers, thereby suppoptinger decision making.



OCoO~NOOOOITPAWNE

A. Lee, N. van Oort, R. van Nes 3

1. INTRODUCTION

Service reliability in transit operations is gaigimcreasing attention from transit
operators and researchers. Passengers benefitfcomased reliability in the form of
decreased and more predictable travel times, wipiégators can benefit from lower costs
and potential for increased ridership (

In addition to operational level, reliability imprements can come from the strategic
(network design) and tactical (schedule desigrgle@,3). Both €) and @) were done

for a single transit line, without considering netw effects and transferring passengers.
A next step is to extend this work to include tfansng passengers in the calculation
framework, and to study the effect of transfer $yoaization on reliability. In the
Netherlands 28% of national rail passengers coatthair journey by some other form of
public transportatiord).

Much work has been done regarding the synchrooizati transfers and the effect on
travel time b,6,7,8). In these works, reliability is implicitly conséded, as the total
average travel time does depend on the relialgfitye service. These works also
generally consider one isolated transfer in oneatiion, which ignores the fact that
shifting the schedule for one transfer will havarapact on the scheduled transfer time
and reliability for several related transfers.

This paper presents an extension of the Van Qpdg]culations to include a transfer and
analyzes the major variables that affect reliapdit a transfer. This new method is then
used to determine the effects of scheduled tratisheron reliability for the case of a
multi-level transfer point between an urban andganal system. This paper presents the
case of equal long headways on all services. Railg®f the method for other headway
combinations se&y.

The paper is presented as follows. Section 2 pesvizhckground on service reliability in
transit operations. Section 3 introduces the nuanta transfer point as they relate to
reliability, which leads to the calculations of thassenger related reliability indicators
additional travel time (ATT) and reliability bufféime (RBT). Section 4 shows the effect
on reliability for varying scheduled transfer timasa hypothetical network and Section 5
shows a real data example.

2. SERVICE RELIABILITY

Reliability has been demonstrated to be importanié traveler. Arriving when planned
is among the most important attributes of a traseivice 10), additional waiting and in-
vehicle time have a higher disutility than expeateting and in-vehicle timel(), and
reliability is a factor in both route choic&13,14) and mode choicel®,14).

Service reliability from a passenger’s perspeciiveased on the passengers’ actual travel
times. A route with consistent travel times, as pamed to the schedule, would be
considered as reliable, while a route with a greaeation among travel times would be
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considered as less reliable, because there isategiehance that the passenger will arrive
outside of their preferred time range.

Reliability can be measured by two characterigifadhe distribution of actual travel
times (Figure 1). First is additional travel tinsaJculated as the difference between the
average actual travel time and the scheduled ttaxel(15). In most cases, as shown in
the graph, the actual travel time will be greatantthe scheduled travel time, which
represents the travel time in the case of perfeetaiions. Second, the width of this
distribution gives an indication of the variatiomang travel times. One way to measure
this is reliability buffer time, calculated as ttiéference between the 8%nd 58'
percentile of the travel time distributiohs). The 9% percentile of travel time is used as
an idea of how much time a passenger would nebddget to make a trip if they would
like to arrive on time 19 out of 20 times, thoughbe an acceptable on-time rate for
commuters.

A

. .
scheduled travel time o ddk JMT e
> y P \ r g

4 \%
— ——

scheduled average 95th percentile
travel travel of travel
time time time

FIGURE 1 Passenger reliability indicators: additional travel time (Tﬂ'dd) and reliability
buffer time (RBT).

Van Oort (1) shows that passenger related reliability candptagned as the relation
between vehicle operations and passenger beh&vigan Oort et al.Z,17), additional
travel time is a function of additional waiting #nand additional in-vehicle time. In this
paper, additional transfer time is added in ordetdscribe the reliability for transferring
passengers.

3. RELIABILITY FOR TRANSFERRING PASSENGERS

This section explains the calculation methods éiability of transferring passengers,
which should be used in conjunction with Van Oot)scalculations for direct
passengers. Then the important variables leaditrg¥el time variation for transferring
passengers are identified and discussed.

A passenger's journey through a transfer pointheae a significant variation, and thus
impact on reliability, due to the possibility thate or both vehicles can be miss8d [t

is known that passengers prefer a transfer sceti@idas a lower variability of out-of-
vehicle time 18).
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3.1 Calculation of reliability for transferring passengers

A scheduled transfer consists of the arrival of eeleicle, a walking time to the next
vehicle, and a scheduled buffer time, often addezhse of the late arrival of the first
vehicle. Here, the scheduled transfer time wiltdéferred to as the time between the
scheduled arrival of the first vehicle and the sithed departure of the second vehicle.
All of these elements can be represented as diiits (Figure 2).

<«— Expected transfer time ——»«— Additional travel time due
to missed connection

Walking | Waiting
Early arrival: 1 Walking Waiting
! [
- 1
Latsspmiumnl | Walking Waiting
second vehicle: . |
Missed connection: | t Wajking :
: | ' | |
I ! I I
I i i I
| | [} |
! : : +———— Headway ———> |
| i i !
[ . 4 i f
1 b | 1 !
o U e -
Arrival pattern of vehicle Departure pattern of vehicle

Passenger arrival at departing platform

FIGURE 2 Stochastic distributions involved in a transfer.

In the case of long headways (longer than 12 m#)upassengers arrive at the initial
stop according to a distribution around the schedldeparture timel(19,20). These
passengers can either make their planned vehicigiss it and wait for the next one. In
case of short headway service passengers tendve ar random. Se&) for calculation
methods in that scenario.

In (17), the passenger arrival pattern is simplifieddsuame that all passengers arrive at a

certain timer®" before the scheduled departure. It is assumegésaengers do not
experience additional travel time if the vehiclgpaes within the time frame between
W andt®® This represents the accepted departure intefthabovehicle, according to
the passengers. A vehicle that departs befdfécauses all passengers to miss the
vehicle and an additional travel time equal towlaét for the next vehicle. A vehicle that
departs after® causes all passengers to have an additional tiavelequal to the
difference between the actual and scheduled depditnes.

Figure 2 shows that the variation in travel timésvaiting time and in-vehicle time over
the first leg does not affect the arrival timela testination stop, provided the
connection is not missed. A positive additionaVéhicle time, leads to an equally less
amount of transfer time, while a negative additionavehicle time leads to an equally
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more amount of transfer time. To reduce complexigyneglect the impact on passenger
experience due to other weights of travel time elets 21).

There are two ways that the individual componehestoansfer can have an effect on the
final travel time variation. Additional transfente, due to a late departure of the
connecting vehicle, leads directly to additionalvel time. A missed connection means
that the passenger has to wait for the next veHedeling to an increase in transfer time,
and increase in travel time.

For transferring passengers, the final travel tilis¢ribution is a function of whether or
not the connection is made or missed, the delayeofleparture of the connecting vehicle
and the additional in-vehicle travel time of the@ad leg of the trip.

The above sections show that calculating the audititravel time for transferring
passengers, for long headways, depends on whathet they make their initial vehicle,
in combination with their transfer. This leads éoif groups of passengers. Passengers
that “Make” both their initial vehicle and theirmoection, those that “Make” their initial
vehicle and “Miss” their transfer, passengers tNass” their initial vehicle and “Make”
their intended transfer and passengers that “Missit initial vehicle and then “Miss”
their transfer. This is illustrated in Figure 3.

\ " .
| - ‘Waiting Time
L e e - - - - - - > In-Vehicle Time

Transfer Time

<«—> Additional Travel Time

'
T
e —
|
|
|
|
|

Miss - Miss

T T T U T
time 0 10 20 30 40 50 60

FIGURE 3 Pictorial representation of travel time needed before boarding the second
vehicle for the four categories of transfer passengers.

The calculations use the following input data, ahian be gathered by transit operators
using Automatic Vehicle Location systems. In thase, consider a transfer from line
line m.

Ajsked = Scheduled arrival time of vehiciat stop on linel.

AREE = Actual arrival time of vehicle at stog on linel.

NTarE. = Number of passengers transferring from line linem in vehiclei at stop.
Dzek=a = Scheduled departure time of vehiclet stog on linem.

act

mii = Actual departure time of vehicieat stog on linem.
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The calculation for additional waiting time in tbase of long headways for non-
transferring passengers, is shown in Equatial6). The same divisions can be used to
divide transferring passengers into “Make” and “8/ligroups for their initial vehicle.

(

Ty(l.i. ) (add, waiting) = {B(D,(, i + 1. /) act — Dy(l.i. ) Tsched&if&Dy(li,j)lact = 1

)

Then, the number of passengers that “Make” and sMise connection is defined by
Equation 2 and Equation 3.

IJ.Ef
R = NiZioy X P (0l < Dy )= ID 'Feadx 2)
BT = Mo — PIwS ©)
where:
Pl lat form _ = Agct 4 pwalk (4)
l—myb,J Liaj l-m
and:
pwalk _ Walking time from the arrival platform on lineo the
t-m departure platform on line.
t?’_f;{ P = Arrival of passengers at the departure platforntiream.
F(x) = Aurrival distribution of passengers at the platform.
pmake. _ Number of passengers that make their planned ctinnec
f-mui to linem from vehiclei at stog on linel.
pmiss _ Number of passengers that miss their planned ctionec
-t to linem from vehiclei at stog on linel.
Nirans _ Number of passengers transferring from lite linemin
g vehiclei at stop.

Probability that a passenger arrives at the deggartu

p(tFiarer™ < pact ) o
platform before the departure of vehiclen linem.

—M,L, Malaf
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The passenger arrival time at the departing platfgEquation 4) will be the actual

arrival time of the vehicle on lineplus the necessary walking time, assumed to be 2

minutes.

Now that the transferring passengers are dividagdfour groups, additional travel time

for each individual passenger is:

Tyl — m, i) (add, transfer) = {M(Dy(m.i.j) act — Dy(m. i, ) sched&for& Make M: 5

The total additional travel time for a specificriséer is:

(6)
add,transfer,totel _ add,transfer
T m = ZT:—mu:uj X N3
i
And the average additional travel time for a spe¢ransfer is:
Tﬂdd,rrﬂnsfar,rom!
Tﬂdd,rrﬂnsfar _ l-m (7)
I-m - NErans
L=, ]
where:
pedditransferitotal = Total additional transfer time for passengers fiemsg from
i-m linel to linem.
padd.transfer _ Average additional transfer time per passengep&ssengers
i-m transferring from liné to linem.
padd.transfer _ Total additional transfer time for passengers fiemsg from
-m.ij linel to linemfrom vehiclei.
pirans _ Number of passengers transferring from line linem from
f-mt vehiclei.
NfTans = Total number of passengers transferring from lliteeline m.

Reliability buffer time is calculated from the dibution of the individual additional
travel times, as shown by Equation 7.

(
)
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RETtransfer — poddtransfer$sth _ paddtransfer.soth (8)

This framework is used to calculate reliabilityarmypothetical network in Section 4 and
in a case study in Section 5.

3.2 Variablesleading to travel time variation for transfer passengers

There are 5 major variables that play an impontalet in the travel time distribution of
transferring passengers. They are:

Variation of the distribution of vehicle arrivahd departure times
Transfer walking time

Scheduled transfer time

Scheduled headways on both lines

Number of passengers at the given transfer

arwdpPRE

These variables are summarized in Table 1 alongtivéir causes and effects.

TABLE 1 Causes and Effects of the 5 Important Variables in the Reliability of Transfers

Cause Variable Effect

Larger headways increase
the magnitude of the

negative effect of a missed
transfer.

Schedule/Network Design Headways at transfer

Longer leads to more
scheduled travel time but g

Schedule/Network Design Scheduled transfer time . e
lower probability of missing

a transfer.
Punctuality at transfer point
Slack in schedule Variation (Standard Less variation on one or
Distance of transfer point | deviation) of vehicle both lines can increase
along line arrival/departure times reliability

Location of holding point

Transfer Point Layout Less walking time means

. Transfer walking time scheduled transfer time can
Behavior of travelers
be smaller
Demand patterns Number (or percent) of Increases importance of a
Quality of service transferring passengers | reliable transfer

A wider arrival time distribution of the first vatie leads to more chances that the
connection will be missed and the passenger wileernce an additional headway of
additional travel time. A wider departure time distition of the second vehicle leads to
more chance that the departing vehicle will depafore the passenger arrives at the
platform, increasing the number of passengersntigd the connection.
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The departure time distribution of the first vebitlas an impact when passengers arrive
at their first vehicle according to the scheduteirathe long headway case. A wider
distribution leads to more passengers missing fhsirvehicle, increasing the overall
average travel time.

A shorter transfer walking time means that the dalesl transfer time (from scheduled
arrival of the first vehicle to scheduled departof¢he second vehicle) can be shortened
by the same amount with no change in reliability.

Varying the scheduled transfer time leads to a gaamthe amount of passengers that
make or miss their intended connection, and wilehan effect on the distribution of
passenger travel times. A tighter scheduled tranisfe results in a greater chance of
passengers missing the connection, while a lonrgerdailed transfer time results in a
greater chance of passengers making their intecaoleuection.

The scheduled headways of both vehicles have aadngm the final travel time
distribution. The headway of the second vehicleaidicularly important because it
represents the consequence of missing the connectio

Finally, the proportion of transferring passengerseach specific transfer plays a role in
the overall impact. A transfer with a higher prapmr of passengers will contribute more
to the total additional travel time of the system.

4. RESULTSOF HYPOTHETICAL NETWORK CALCULATIONS

The method introduced in the previous sectionstested in a hypothetical network that
consisted of a tram line and a train line, bothrapeg in two directions. Section 4.1
describes the test network and Section 4.2 prefieatesults.

4.1 The Networ k

The tram line consisted of 30 stops, with a 60 rt@racheduled running time in each
direction. The train line consisted of 5 stops vethO-minute total running time in each
direction. The train schedule included 1 minutesdfeduled dwell time, or one minute of
difference between the scheduled arrival and deparl5-minute headways were used
on both lines. Train schedules were set so thaistideparted from the transfer point at
the same time in both directions. Actual arrivad @eparture times were generated from
cumulative running times on each link based omdeen sample from a normal
distribution with a standard deviation of 20% oé thunning time. The transfer point was
located at the middle of the train line, but sligtff the middle of the tram line (stop 18
in one direction and 13 in the other). This is gesd to be representative of a Dutch city,
where the central train station is often just aneldge of the city center.

Passenger flows on the tram line were based ompatigtical line used inj. Two-
thirds of passengers boarded in the first halhefline, in increasing amounts between



OO WNE

I I
WN PO o~

14
15

16
17

18

A. Lee, N. van Oort, R. van Nes 11

the end of the line and the center. One-third sbpagers boarded in the second half of
the line, in decreasing amounts between the cehtée line and the end. Passenger
flows on the train lines were flat, with boardiregsd alightings equal at each stop.
Transferring passengers were added to these nuindsed on a percentage of the direct
tram passengers (Figure 4).

700 - Boardings and Occupancy for tram line “Direction 1"
600 ’r’ “"-.‘ = Transfer Boardings (to Train at Transfer
500 - / \“ Point)
’
400 - » X s Transferred Boardings (From Train)

B Direct Passenger Boardings

5
=] -
e Occupancy
P
g 4
w 1234567 8 9101112131415161718192021222324252627282930
] . e
2 s00 Boardings and Occupancy for train line
T
2 700 e Transfer Boardings (to Tram at Transfer
a 600 Paint)
500 mmm Transferred Boardings (From Tram)
400
300 I Direct Passenger Boardings
200
100 ===-0ccupancy
o]

Stop number

FIGURE 4 Boardings and occupancy for one direction of the tram line and the train
line, showing the split between direct passengers and transferring passengers.
Boardings are divided into passengers that board and will transfer, passengers that
have transferred and passengers that do not transfer.

A A
<« ____ > “«i > i NEEEEEEE |, ¢l ___SESERENEh
Transfer Point Transfer Point < Transfer Point > « Transfer Point
City Center City Cente City Cente City Cent
Transfer A Transfer C Transfer G Transfer 1
Train - Tram Train - Tram Train - Tram Train - Tram
North - West South - West South - East North - Fast
b N 3
Rl > Rl - > A e > <«
Transfer Point Transfer Point Trans(er Point <« Transter Point
Gty Center City Center City Cent City Cen
Transfer D Transfer F Transfer J Transfer L
Tram - Train Tram - Train Iram - Train Tram - Train
West - South West - North East - South East - North
\

FIGURE 5 Identification of transfers and network used in hypothetical and real data
cases. The train line is in bold, while the tram line is dashed. Specific transfer groups
are identified by letters and are referred to as such in the text.
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This network includes eight possible transfersr foom the tram to the train and four
from the train to the tram (Figure 5). Becausetthm schedules are aligned, it is
possible to choose the scheduled transfer timéotorof these transfers, by shifting the
tram line schedules. The transfer time of the fopposing’ transfers is then set, and is
not able to be chosen. This represents the moshalptase, because the maximum
amount of transfers can be chosen. Scheduled érativsie is represented as the
difference between the scheduled arrival time effitst line and the scheduled departure
time of the second line. This does not includeviking time, so passengers would not
be able to make a scheduled transfer of 1 mineteaudse of the 2 minute walking time.

In these calculations, the tram schedules ared/andhat the scheduled transfer time
ranges from 1 to 14. Calculations are done sudhpdssengers are expected to make
their transfer as scheduled. This means that nasstgmgers will miss the 1 minute
transfer, unless first line vehicles arrive eanysecond line vehicles depart late.

4.2 Results

The average additional travel time per passengegttanreliability buffer time for two
specific transfers are shown in Figure 6. In batbes, these graphs are representative of
all four similar transfers, since the main varighbdee the same for each case.

As expected, the results show that a transfer i moreliable if the scheduled transfer
time is less. This shows an important trade-ofardmg reliability at a transfer.
Increasing the scheduled transfer time lowers tlitianal travel time and reliability
buffer time, but directly leads to increased oVesaheduled travel time. For a single
transfer, a reliability improvement comes at thpaxnse of increased travel time.

A difference can be seen in the shape of the curvibeese two examples. The tram to
train transfer descends more steeply than the tiatiam, but does not get as close to
zero. The difference between the two is that ingfarring to the train, vehicles are not
allowed to depart ahead of schedule. This meandahwar passengers miss their
connections in tight transfers, because the comgeeehicle cannot depart early. For
long transfer times, the average additional tréive® does not approach zero, because
early departures are not allowed on the train lines

Two things can be noted about the reliability buffime. In the train to tram transfer, the
95th percentile of travel times drops steeply franmound 15 minutes, to around 3
minutes. It would appear that there is a big gaireliability from moving the scheduled
transfer time from 8 minutes to 9 minutes. Thimisleading because of the nature of
reliability buffer time. The distribution of passger transfer times is actually made up of
two groups, one of which is clustered around Opfmssengers that make their connection
and another which is clustered around the headieyeaonnecting service, for
passengers that miss their transfer. The 95th peleef this distribution stays around 15
when the percentile is in this upper sub-distrimutibout appears to drop quickly because
there are few passengers with in between transfest
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FIGURE 6 Average additional travel time and reliability buffer time for passengers of
"Transfer A" (top), passengers of "Transfer D" (middle) and all transferring
passengers (from all 8 transfers, bottom).

The tram to train transfer has some reliabilityfeutimes that are well above the 15-
minute range. These result from additional trawveés for passengers who miss both
their first vehicle and their connection. This pafrthe distribution was not seen in
Transfer A because of the nature of the calculatiodel. Transfer A passengers
originate on the train line. Since the train doesdepart early, and passengers are

assumed to make their vehicle if it departs an tifier:®®", it is impossible for
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passengers to miss their connection when origigaimthe train line. This is a
shortcoming of this assumption.

Because varying one transfer has an opposite effeahother transfer, it is interesting to
look at the effects of all transfers together. Fegé (bottom) shows the average
additional travel time and reliability buffer tinfier all 8 groups of transfer passengers,
while varying the scheduled transfer time of altahsfers. The optimal point, in this
case, is a 10-minute scheduled transfer time &m-tram transfers and a 6-minute
transfer time for tram-train passengers.

The optimal point is located towards the side efghaph where tram-train transfer
passengers have a tighter connection. The prineagon for the skew in this direction is,
that the train does not depart early, meaning¢igbbnnections in that direction are more
reliable.

This gain in reliability comes at the cost of incsed scheduled travel time. As can be
seen in Figure 6, the relationship of the two dejgeam circumstance. A steeper
additional travel time slope indicates more religpgains for an equal amount of
increased travel time. For example, in Transfeinbrxeasing the scheduled transfer time
by one minute causes a gain in reliability if trewtransfer time is below 5 minutes, but
there is no change in reliability if the schedulexhsfer time was increase from 8
minutes to 9 minutes. However, merely optimizing taliability may come with the cost
of increased scheduled travel time. More direct eiical attention is paid to this in the
real network example. More insights into this tradieare provided in9).

5. REAL NETWORK EXAMPLE

The hypothetical network example was used to il&istthe important factors

surrounding reliability at a transfer point. Howevis method was designed to analyze
real data. Here, an example is presented that showsAVL and passenger count data
can be used with the calculations presented inose8t and how transit operators can use
the results.

Scheduled and actual arrival times and departiwegel as passenger flows were
provided by the HTM for tram line 9 in The Haguestherlands. This example examines
the transfer at the Den Haag HS station. The selredule was used as input to the
model, while actual train departure and arrivaletimvere generated using a log-normal
distribution, with parameters set to mimic the iomet performance of the Dutch railways
(NS).

Data was used for weekday evening hours over agefi8 days in November 2012. In
this case both services have 15-minute headways.

While holding the train schedule constant, the tv@shd direction of the tram schedule
was varied in order to filter through all of thesgthble scheduled transfer times. The
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effects on additional travel time are shown in Q8. In this case, four transfers are
affected by this shift. These transfers includegfars from the westbound tram line to
both train directions, and both train directionshte westbound tram line. These transfers
are labeled as G, I, J and L in Figure 5. Also sina@ithe average additional travel time
for all 8 groups of transferring passengers, wihiglo includes the constant ATT from

the four other transfers. The average additiomairtime for all passengers in the
network, including direct train and tram passenggtisws that the number of
transferring passengers has a big impact when demsg all passengers.

Because, in this case, the trains do not depéneagame time in both directions (as they
did in the hypothetical example), the unreliabilipeaks” do not align, meaning that it is
difficult to find a schedule for this direction tife line that is reliable for all transfers.

Additional travel time far shifting the schedule the

outboundtram service
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Shift in scheduled departure time of outbound tram line {minutes)

FIGURE 7 Additional travel time for shifting the schedule of tram line 9 (westbound) in
Den Haag. The transfer point is Den Haag HS.

The most optimal point requires shifting the schedil minutes, changing some
scheduled transfer times by 11 minutes and sonzerbinutes. This change results in a
change in scheduled travel time for these passengable 2 shows that increasing the
scheduled transfer time, and thus the schedulgdlttiane, leads to a decrease in
additional travel time and reliability buffer tin@d a more reliable service. The opposite
is also true, the change for Transfer L reducestheduled travel time by 11 minutes,
but increases additional travel time and reliapttitffer time. For Transfer |, there is no
change in reliability because the original and neamsfer times are large enough that
reliability is not affected. This result demonstsathat a synchronization of one transfer,
for a more reliable service, may cause other teaegb become less reliable.
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TABLE 2 Per Passenger Changes in Scheduled Travel Time and Reliability for an 11
minute shift in the schedule of tram line 9 (westbound)

Change in:
Scheduled Additional Reliability
Transfer Time Travel Time Buffer Time

Transfer G 11.00 min -9.33 min -0.95 min
Transfer | -4.00 min 0.00 min 0.00 min
Transfer J 4.00 min -0.05 min -0.20 min
Transfer L -11.00 min 0.51 min 6.16 min

A transit operator must choose which transfer twhyonize, choose the optimal point
for reliability at a transfer point, or the optin@dint for the trade-off of reliability and
travel time. Here the number of passengers goirtgitfh each transfer is also important.
A transfer with greater demand will have a greatgract on the overall average
additional travel time.

6. CONCLUSIONS

This paper has presented an extension of the Van(Qaeliability calculation model to
account for transfers for long headways servichks. model considers each transferring
group separately at a transfer point involving 8gplole transfers. This allows the losing
and winning transferring groups to be identifietieToptimal transfer time, for reliability,
is dependent on the distributions of the actualcletarrival times, the transfer walking
time, the headway and the number of passengersighaktransfer. It was shown that the
departure restrictions also have an effect. Tigtnggrsfers are more reliable for
passengers traveling to the train service becduestdin vehicles do not depart early.

For a single transfer, an important trade-off existween scheduled travel time and
additional travel time due to unreliability. Thetwpal value of this trade-off is related to
the specific characteristics of the transfer, idolg actual vehicle distributions and
headways of both lines as well as transfer walkimg and transfer demand.

However, changing the schedule of one directioonaf line, in order to optimize a single
transfer, can directly affect three other transfelere, a transit operator has a choice to
focus on a specific transfer group, while neglegtithers, or to pick an optimal point
that may cause travel time and reliability costs benefits to differing passenger groups.

This method described in this paper can be apfdiedost benefit analysis, and can be
used to identify the total benefits to passengarsa freliability improvement, as well as
the benefits that are given to specific passengerps.
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