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ABSTRACT: During the late seventies modal or bus-bus interchanges
: were developed in many of Australia's capital eities. 4

similar trend occurred overseas. The paper examines the
rationale for the use of interchanges, concluding that the
trend will eontinue. It is also argued that a fundamental
difference exists between local and overseas transit
systems in that low frequency transit gystems are common
in Australia. Transfer times between modes or vehicles
are vital in low frequemcy transit systems, ae long wait
times arve incurred at interchangee if degigned conneetions
are misged.

The author has developed a simple empirical two-step
methodology to determine the optimal transfer time for any
trip serving an interchange in low frequency transit
system. The procedure has application not only in refining
bus operations at existing interchanges but alec in the
evaluation of potential interchange operatione.
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Agstralian Interchange Development

' During the late seventies, several studies of the potential for
‘pus-bus and/or bus-train interchanges in Brisbane were prepared by
‘consultants for the Metropolitan Transit Authority, (Corner and Sayeq
11979) and Johnston and James (1979)). As a result of these studies,
‘Toombul Bus-Bus Interchange(1) and Enoggera Bus-Train Interchange were
implemented in Brishane in November 1980 and April 1981, respectively.

‘See Figure 1.

N In other Australian cities a similar committment to interchange
-operations was being made. MNotably, Noarlunga Bus-Train in Adelaide;
Woden, Belcomnen and City Bus~Bus in Canberra; Kelmscott Bus-Train in
Ferth and Bondi Junction and Edgecliffe Bus~Train in Sydney., This

acceptance of the interchange concept was largly due to Australia's
ather wnique land-use/socic—econamic characteristics.

There would seem to be three main reasons for the introduction of
intercharges in Australia,

{i) Australian cities have low urban densities by world
~-standards. See Table 1, While Sydney and Melbourne have urban densities
~8lightly higher than those -in Western U.S.A. they are still appreciably

less than Eastern U.S.A. cities. The lower the urban density, the less
‘opportunity for a public transport operator to generate patronage per
‘route kilametre of service run.

. {ii) Despite the alrealy low urban density, the reduction in the
household formation rate over the last several decades, especially in
~older suburbs, has led to a real reduction in population in many of the
014 inner and north-eastern suburbs in Brisbane. In the Toanbul
~Interchange catchment area, the population declined nearly twenty percent
-in the last decade, The author understands this trend is occaring in
other Australian cities.

_ (iii) Due to Australia's higher family income, it has been
possible for the great majority of families to puarchase a private
.autemobile and reduce or eliminate their use of public transport.

' These three factors have placed so much messure on public
:transport operators that all public transport in Australia is now being
Frovided at a deficit2, On the other hand Oxlad {1979) has shown that
'thergz remain significant groups in society who still require the
‘Provision of public transport if their personal mobility desires are to
be satisfied, '

I A detailed account of the planning, design and monitoring of Toombul
: Bus-Bus Interchange was given by Avent and See {1981).

Source: various operator annual reports,
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TABLE 1

URBAN DENSITY

& australian Capital Cities! (1971)

DENSITY INNER AREA DENSITY<
{people/kme) (people/km2) -

1127 2204

1218 1651
1459 2177

1918 4018

1811 3677

Céntral City Densities for Big Cities; Australia and East and West
5.Ah.3

TERSTTY OF CENTRAL
CITY AREA (4)
Per sons/kn

2600
2600
1350
1330

1110

1700
4480

Source Newman & Kenworthy (Population/area for all collectors
districts with greater than 200 people/km2).

Area within approximately 5 to 7 kilametres of city centre.

Source: Atlas of Australian Resources, Third Series, Volume 2 on
Population Division of National Mapping, Canberra 1980.

Central city area is a U.S.A. statistical area. Areas of equivalent
size (about 400 km2) were used for calculating densities of
Australian cities. '

Calculated from the maps "Major Urban Areas: Fopulation
Distribution” and fram statistics for cities of similar or larger
size in the East and West regions of the U.5.A. {Advisory Commission
on Intergovermmental Relations (1977), Trends in Metropolitan
Mmerica: An information Report, the Commission, Washington).
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In an effort to maintain traditional service frequencies whilst
improving bus utilisation, Australian operators have introduced public
transport interchanges. This is also in accord with overseas practice ag
reported by Sullivan (1980) and Bakker (1976} in Canada, Khosla {1973)
and Sharma {1975) in Irdia, Schneider and Smith (1981) in U.S.A. and
Elmberg and Quarmby (1981) in Europe.

. Many authors including Schaeffer and Sclar {1975), Meyer, Kain
and Wohl (19%5) and Poulton (1980} have concluded that no new mode will
break the existing public transport paradigm this centiry, if at all, ang
that future improvements will just be a refinement of existing modes ang
their operation. In this case Australia is likely to see more
interchanges being introduced in the future. However, the authors
interest in the evaluation of Tocmbul Interchange and his subsequent
imvolvement in the design and monitoring of bus operations at Enoggera
Interchange in Brisbane led him to believe there were fundamental
differences between Intercharges operating in Burope and those in the

Apstralian environment, This related primarily to interchange operation
in a low frequency transit system.
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'bPERATING INTERCHANGES IN A LOW FREQUENCY TRANSIT SYSTEM

; pefinition of a Low Frequency Transit System

o For the purpose of this paper, transit networks are categorised
_into high and low frequency systems based on the daytime off-peak

Y frequency at the system location where interchanging is being

" ‘considered. The distinction is based on the observed difference in

B people's behaviowr as headways increase. Passengers tend to arrive

% randamly for routes with short headways. Where headways exceed about ten
»minutes, an ever increasimy proportion of passengers use timetables to
Jminimise their travel time. This proposition has found support in Bakker
(1976}, Finnamore and Jackson (1978) and Elmburg and Quarmby ({1981).

: For this paper, a transit system which has day-base headways
greater than ten minutes at the point being considered for interchanging
has a low freguency. Under this definition, much of Brisbane has a low

- frequency transit system.

- Transfer Times in a Low Frequency Transit System

. Throughout most of Europe, intercharmges operate in a high
frequency envirorment and transfer times are mot critical. (It is
perhaps for this reason that the subject has not bieen reported in the

" literature). In Brisbane's low frequency operating environment cne

- should be concerned about transfer rimes for three main reasons:

(1) dwring the day-base, people may have to wait 15 to 30
minutes on inbound trips to the city, and 30 to 40 minutes in the
outbound direction, if their connection is missed,

(ii) feeder and trunk buses in Brisbane have a large range of
arrival times. That is, the Probability density function of the arrival
time distribution is quite dispersed for some trips as shown in Figure
2. There is also great differences between trips.

(1ii} Passengers perception of transfer time is different from

travelling in a bus to the extent that a weighting factor of 2 is often
used.

For the above reasons, it is important that the transfer time
camponent has been significantly underestimated in the Brisbane studies
on which interchange decisions were based., In the Enoggera report 5
minute transfers were assumed while 3 minutes was used in the Tocmbul
evaluation., MNeither report investigated the reliability of bus gervices
Passing the potential Intercharge site. It seemed that research directed
towards obtaining an optimal transfer time methodology could be usefully
employed in refining the operation of existing interchanges and in
evaluatirg the potential at future sites.
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FIGURE 2 (Continued)
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THE OPTIMAL TRANSFER TIME METHODOLOGY

The Approach

The problem of specifying an optimal transfer time for each trip
was initially addressed at the theoretical level. A generalised equatig
for the round trip cycle time of a feeder or trunk bus servim an
interchange was developed. See Figure 3. Although this was
acccanplished, the twelve terms in the equation prevented its cal ibratisy
and subsequent application to the optimal transfer time problem.

Therefore it was necessary to attempt an empirical solution g
the optimal transfer time problem, It was realised that this optimay
transfer time would involve a trade—off between the opposing Principles
of minimum and reliabhle. The shorter the transfer time at an
interchange, the faster the average trip time but the greater would he
the possibility of missing the planned connection. Respondents were to
be asked to make this trade—off,

It became apparent that the optimal wait time for a particular
trip is dependent on the heaiway of the connecting trip. 1If, for
example, the connecting trunk bus at the intercharge is on five minute
healways, it is conceivable that passengers would mot feel greatly
inconvenienced if they missed their connecting bus quite often. If the
connecting trunk bus was on a half hour headway, it is probable that
passergers would feel greatly inconvenienced if the transfer was missed,
It it was evening and the connecting bus was the last bus of the day,
missing the transfer -would be unacceptable.

50 one parawmeter when seeking an optimal transfer time for a
given trip must be the extra time to wait for the next connecting bus if
the designed connection was missed. T assess this parameter it would be
necessary to conduwt a survey to elicit passenger response. If the
survey design was appropriate, the result would autamatically incorporate
any variations in the value of time between the normal wait time ard the
extra wait time if the designed connection was missed.

A second parameter must be the reliability (that is,
repetitiveness) of the round trip cycle time for the trip. If the trip
lergth is short, patronage is steady and traffic conditions consistent,
travel times are likely to be reliable. The optimal transfer time will
then be short. On a long route with varying patronage and traffic
corgestion, optimal transfer times would have to be longer.

It was expected that examination of the first parameter would
yield some sort of relationship between the tolerated probability of
missing a connection, depending on the wait time for the next bus. It
was hoped that analysis of bus reliability would yield a model to
determine optimal transfer times that would satisfy the trip's design
tolerated probability.

The Survey

The swrvey used a self-administered, mail back, self coding
questionaire. Only bus passengers were to be swrveyed as it was thought
that non-passengers unfamiliarity with the interchange concept would give
their responses little validity. To ascertain whether there was a
divergence of response between passengers using a direct bus service to
the city, or those who bus-bus or bus-train, it was decided to distribute
the questionaire to teenage and older bus passengers at Indooroopilly,and

162,
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FIGURE 3

GENERAL BQUATION FOR BUS CYCLE TIME

-mé general information for the kth feeder route round trip on route i

ik = £ (tPDES + tSTC + tIB + mtTP + tEXSTC + tRiVO + TMP + tRECO
+ tDBO + tEX + tRIvi + tMP)

function of

the difference between the minimum transfer time and
the arrival time prescribed on a Probability basis to

maintain the Designed connections

the time required to walk between the furthest two
vehicles at an 5TC

the time needed to complete drivers procedures at the
STC

the time required to transfer m passengers at the
intercharge ‘ .

time wasted at the interchange, perhaps by the need to
meet trips arriving or departing some time apart

time excluding passenger boarding/alighting time for a
vehicle of certain performance characteristics to
traverse route i outbound

time for m passenger movements to occur

recovery time needed at the outer terminus

time to complete drivers procedures at the outer
terminus

excess time at the outer terminus

time excluding bus stop time for a vehicle of certain
per formance characteristics to traverse route i
inbound

time for m passenger movements to occur
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Enoggera and Toambul Interchanges. As shown in Figure 1 the sites are in.
different corridors. Their catchments also have widely differing
socic—econamic characteristics.

To maintain survey control it was decided to nominate the
possible extra wait time and associated tolerable probability points for
the crucial guestion seeking the respondent trade—off. See Appendix a,
It was thought that each respondent should not have to make more than
for trade—off's to maximise response. However, so that more data setg
were available the nominated trade—off points were different on every
alternative form. Four pilot surveys were needed to finalise the Wording
of the crucial question seeking the respondent trade—off between the
extra wait to the next bus if the designed connection was missed and the
associated tolerance on a probability basis to missing that connection,

The questionaires distributed at the interchanges were also

different from those used at Indooroopilly. More infonpation was sought
on interchange respondents' previous trip history; specifically whether
connections had been missed and the frequency this had ocowrred,

Bpout a third of the 2150 questionaires were distributed at each

Site. Just over 500 responses were received qiving a response rate of
19.6 percent. The low response rate is not crucial as will be seen

later.

Analysis and Results

The SPSS camputer suite was used for the regression analysis with
mathematical transformations being used to derive a curvilinear result.
Data manipulation, and a small program capable of representing
the regression equation within ramges specified by the user on an A4 size
sheet of paper, were accamplished by Mr Gvynn Thomas of the EDP Branch,
Department of Finance and Management Services, Brisbane City Council.

Several different forms were considered for the regression
equation which describes the trade-off between a tolerable frequency of
annual connections missed and the extra wait time to the mext bus. A
reciprocal and negative exponential form gave the best fit with the
coefficient of determination being 0.68. Figure 4 shows the frequency of
response as represented by circles overlaying the derived regression
equation. .

In determining the effect of the extra wait to the next bus on
respondents® tolerance towards the frequency of missed connections at an
interchange, it is argued that more credence should be given to the
responses of some user groups than others. Some people are more regqular
users of bus services than others and it would be expected that this
would enable them to make a more informed response.  Other groups place a
greater value on time and their responses should also be given more
consideration. .

It was finally decided that the responses of those who have
missed a connection at an interchange are the best basis for determining
the regression analysis. Those who have experienced this situation have
formed an experienced judgement on their value of travel time. Figure 5
shows the tolerated frequency of missed connections per annum depending
on the wait time until the next bus.
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FIGURE 5
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frip Arrival Distributions

Once the tolerated probability of missing a connection is
specified for any trip, an optimal transfer time can be derived providing
the probability density function for that trip's arrival time
distribution can be described mathematically. Most trips have a
probability density function similar to that shown in Figure 6.
Constraining the period for collecting data, ard ignorimg major delays on
the basis that they happen so rarely and are so significant that they
ghouldn't be included when assessing an optimal transfer time, gives a
relatively simple form. Chapman et al (1976) and Sayeg (1981) have
instanced normal distributions being used to model bus link travel time
distributions. As the arrival time probability density function is
dependent on the travel times on the various links camprising the trip,
the author rerresented this by the normal distribution.

: It is possible therefore to derive a nomograph which expresses
the variance camponent of the optimal transfer time in terms of the
tolerated number of connections missed annually, providing that the
standard deviation of the {assumed normally distributed) probability
density function of the trip arrival time distribution is known. Sece
Figuwe 7. To determine the optimal transfer time the interchange walk
~canponent is simply added.
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THE OPTIMAL TRANSFER TIME MODEL

An Example

Figures 5 and 7 can be used to derive the variance camponent of
optimal transfer times for any trip serving an intercharge. The one,
two, three and four minute lines on Figure 7 refer to stardard deviationg
of the probability density function of any trip's arrival time
distribution. The distance alorg the ordinate is linear so can be
proportionately scaled. '

Briefly the procedure is to gather sufficient data on the feeder
route passing time to calculate the standard deviation of the assumed
nommally distributed probability density function of the feeder (or
trunk) buses!. This, and the proposed cycle time of the inbound trunk
buses or outbound feeder buses is used to derive the variance camponent
of the optimal transfer time. For example, during the day-base a feeder
route may operate on an hourly frequency to an intercharge where it
connects with a fifteen minute trunk to the City. Assume the walk
canponent at the interchange is 1% minutes. Therefore taking the inbound
direction the extra wait time if the designed trunk connection is missed,
is 15 minutes?2. Using figure 5 patrons (based on Brisbane surveys) will
be prepared to miss connections 8 times per annum. If the standard
deviation of feeder bus reliability is about 1.7 minutes (say) the
variance component of the optimal transfer time is 3% minutes. Adding
the walk time gives an inbound transfer time of 5 minutes. Note that the
outbourd direction camonly has a reduced feeder freguency and the trunk
bus may be less reliable due to central city corgestion.

Clearly the methodology is simple enough that it can be used by
roster clerks in the various bus operations who do not generally have
tertiary level numeracy skills. The model, thouwgh easy to use, also
provides a conceptually valid basis to derive optimal transfer times. It
replaces the "questimating" procedure which has previously been used.

So the model can be used to eliminate timetabling practices which allow
excessive running time on links near the interchange resulting in
seemingly good reliability.

r In Brisbane despatchers at Endggera and Toambul Interchanges
record the arrival times of all in-service bugses {trunk and feeder,
inbound amd outbound) - though their primary purpose is to ensure
connections are maje in the event of a perturbation to the operation.
Thus the raw data which forms the pdf of the arrival times for any trip
is readily available. - The standard deviation for any trip can then be
calculated easily.

2, ‘The extra wait to the next connecting bus can be gauged by
referring to the public timetable. A note of caution should be expressed
at this point. The next connecting bus is the bus on the lowest headway
route to which transfers will take place.  If a feeder bus arrives at the
interchange where a connecting trunk bus route has a frequency of five
minutes then five minutes is the extra wait time to the next bus. If the
feeder bus also transfers passengers to another trunk bus with a forty
minute frequency, then forty minutes is the extra wait to the next
connection which defines the optimal transfer time., Similarly if at a
bus~train interchange, a trunk train has a thirty minute frequency and &
trunk bus route fifteen, the larger trunk train headway defines the
optimal transfer time.

170.
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vValue of the Model

As well as being a tool to refine hus operations at interchanges
{as described above), the model can be applied to aid in the evaluation
of potential interchange sites by estimating the likely transfer timesl.
Figure 7 shows that where the standard deviation of arrival times of
Feeder (or trunk} buses at an interchange are greater than 2, and the
:off-peak cycle time is a half howr or longer, the optimal transfer time
has hitherto generally been underestimated. Previous Brisbane stulies of
. Toombul and Encggera interchange potential used values of three and Five
minutes for transfer. Where a feeder trip's standard deviation of
arrival times is 2, the optimal transfer time (variance component only)
would be four minutes plus the interchange component. If the standard
‘deviation was 3, an optimal transfer time of more than six minutes is
‘required for the same 30 minute cycle time. Both Interchanges have a
‘walk camponent of approximately 2 minutes. )

Iest it be thought that these values are rather high, Table 2
présents the standard deviations for a number of routes serving Enoggera
¢ Interchange in Brishbane., The standard deviations were calculated using
ineteen data points for each trip. It can be seen that the dispersion
in arrival times as measured by the standard deviation is very high for
- especially for the afterncon outbound trunk huses.

The model is also independent of the modes at the interchange or
:synchrocentered transit centre. It can be applied equally well to bus-
‘bus and bus-train connections and resumably also to tram or ferry.
‘connections, providing the probability density function of their arrival
time distribution approximates a normal distribution.

T This assumes that consideration is beimg given to changing existing
US operations to incorporate an interchange. A time series of bus
P4SSirg times can be measwred near the site so that estimates of transfer

Mes can be made.




TABLE 2

ARRTVAL TIME DISTRIBUTION VALUES FOR ENOGGERA INTERCHANGE

PERIOD

358

20

57

432

RANGE OF SID, DEV. (mins)

2-3 3-4 4-5 S+

DAY 8

DAY 7

PEAK 2

PEAK -

8 9 2 -
high 4. 95/
3.97
low 1.04

12 4 - -
high 3. 17
low 1.27

1- 2 1 -
high 4.33
low 1.16

3 - 1
high 4.10
low 2.06

Note:

Ramge over a 19 weekday period.
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TSCUSSION AND FURTHER RESEARCH

ﬁobﬁstness of the model

i, There are two parts to the optimal transfer time model, the
trade-of f between tolerated annual probability of missing a connection
‘ard the extra wait time to the next bus and the relationship between the
derived probability and the optimal transfer time,

The first relationship (Figure 5) is dependent on analysis of
‘Brisbane surveys. This relationship was found to have a reciprocal and
negative exponential form with the reciprocal form being daminant for
headways of less than 15 minutes, The derived model postulates that
sxisting bus passengers are only mrepared to miss a comnection about 20
times a year if they have to wait five minutes for their next
connection. This is nonsense as approximately half of the respondents on
whose answers the model depends are making about 360 trips annually and
their existing average transfers would be in the range of five minutes.

. Two points should be noted. By definition, where the next bus is
aout five minutes extra wait, the optimal transfer time is not
¢ritical. Such a system has a high frequency, and therefore transfer
times are not nearly as important. Secordly, when the results of this
step are applied to Figure 7, it will be noted that the relationship
between connections missed per annum ard the optimal transfer time
(variance camponent) becames inelastic in the high frequency area. The
nodel was developed for use in a low frequency transit systam and when
used in that capacity, appears robust., Certainly the tolerance towards
imissing connections when the extra wait for the next bus is greater than
_ten minutes appears realistic, Further work may be needed to test the
validity of the relationship for use in other cities, or its temporal
‘stability.

: Examination of the second relaticnship (Figure 7) reveals that it
is predaminantly the reliability of the arriving bus trip which

etermines optimal transfer times, not the extra wnit time to the next
bus if the designed connection is missed. Thus the low survey response
‘ate is not crucial. ‘The basis for derivation of the relationship is the
issumption that the probability density function of the arrival time
-distribution is normally distributed. It is intended to examine other
‘mathematical distributions to determine Firstly whether they are more
appropriate and secordly how sensitive the determination of the variance
canponent of optimal transfer times is to their use.

Issues arising from application of the model

Many transit systems operate policy clockface schedules during
L ekday daybase. However, even in the suburbs, run times and
eliability varies throughout the daybase in response to traffic
-comgestion and passenger activity. Clearly there is a degree of conflict
between operating a synchrocentered transit system on a clockface
‘timetable and with optimal transfer times. The degree of conflict and
ts resolution depends on the variation in run times throughout the gday.
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The secord aspect is the application of the model to transfers
between buses at points other than interchanges. At intercharges it was
effectively assumed that the connecting bus was always waiting.! However
for suburban connections, bus movements are uncontrolled. Further work
is required on application of the model to this situation and the most
mactical solution to ensure that the transfers are achieved.

CONCLUSTON

This paper has described the development and application of an
optimal transfer time model to be used at interchanges in a low frequency
transit system. It was shown that the model was mode indeperdent, could
be usefully applied in refining bus operations at existing interchanges,
ard evaluating potential ones. The robustness of the model and areas for
future research have also been discussed.

1" For most routes this would be true as the interchange also is the bus
temminus and the layover should be adequate to allow on time departure.-
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Dear Passenger,

A Metropolitan Transit Authority survey conducted,
on board feederbusesto Enoggera Interchange in June,
1982 indicated that many people were concerned about
missing their intended bus or train connection. This
survey will provide intormation that will be used to help
design a better bus service.

in particular questions 7 and 8 will help in designing
appropriate transfer times between buses or trains. As
you know the shorter the transfertime atan interchange,
the faster the average trip time, but the greater would be
the possibility of missing the planned connection due to
traffic delays, etc. Your answers will enabie us to design
better transfer times at Enoggera and Toombul
Interchanges by assessing the most acceptabie balance
between these two effects.

So that you can think about the questions a pre-
paid self addressed envelope is provided. Alternatively
you may like to hand in your completed form to the
Council Bus inspector in the Despatch Office at the
Interchange.

Thank you for your co-operation.

e

K. B. DAVIDSON
MANAGER

BRISBANE CITY COUNCIL
DEPARTMENT OF TRANSPORT

Printad by B.C.C. Dept. of Transport.
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