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When to provide express services for buses?

Homero Larrain - Juan Carlos Muioz

Abstract Express bus services have been implemented in many public transit systems
around the world to the benefit of users as well as operators. However, few studies
have been published on methodologies for designing such services and there is little
clarity regarding what factors in a bus corridor make it a good candidate for a
successful application of this transport option. The present article reports on an
experiment in which an express service design algorithm developed for the purpose
optimized almost 1,000 different scenarios and a model formulated for use with the
algorithm estimated the benefits of operating express services as a function of a series
of corridor attributes. An analysis of the calibrated model demonstrated that a
corridor’s potential for beneficial express services increases with increasing dwell
times, number of trips, concentration of trips in few origin-destination pairs and
critical arc load, and decreasing travel and wait time values and vehicle capacity. An
analytic expression was also derived that estimates the percentage savings obtainable
from the implementation of an express service as opposed to a traditional all-stop
service.

Keywords: Express Services - Bus Rapid Transit - Public Transport - Network
Design
1 Introduction

Express bus services have existed in many cities around the world for more than
50 years and are highly popular among operators as well as users. For operators such
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services offer a more efficient utilization of bus fleets and therefore lower costs per
passenger, while for users they provide rapid transport to the desired destination. Yet
there is still no consensus in the literature on how best to design express lines or what
conditions they generate the most benefits under.

Since the turn of the 21st century, express bus operations have multiplied at a rate
never before witnessed. The phenomenon is part of a broader international trend
towards strengthening public transport and discouraging the use of private vehicles,
compelling bus operators to constantly innovate and improve their services. This
tendency has given particular impetus to the adoption of systems known as bus rapid
transit or BRT. The New York Metropolitan Transportation Authority (MTA) has
defined BRT as “a flexible, integrated, high performance transit system with a quality
image and a strong identity”, combining the speed, reliability and other virtues of rail-
based systems with the flexibility of buses (www.mta.info). In the words of Lloyd
Wright (2003), BRT is “an alternative between poor service and high municipal debt.
... [It] can provide high-quality, metro-like transit service at a fraction of the cost of
other options”. According to Global BRT Data (www.brtdata.org), there are an
estimated 168 cities worldwide that have implemented some sort of BRT along its
streets. Some 80% of these systems have been inaugurated since the year 2000 and
almost half of them have been in operation for no more than 7 years.

There are several elements commonly associated with BRT systems. These
typically include segregated bus lanes, centralized fare collection, modern bus stops
with off-board fare payment and expedited boarding, a uniform vehicle image, and
traffic signal priority (Levinson, 2002). To achieve capacity levels comparable to rail
systems, however, a key measure is the provision of express services. These can be
operated with BRT systems that have passing lanes at stops. This feature allows
Bogota’s Transmilenio, for example, to transport 48,000 passengers per hour in each
direction, thereby attaining a commercial speed of almost 30 km/hr (Hidalgo and
Munoz, 2014).

The definition of an express service, also known as a limited-stop service, can be
stated in general terms as a service that visits a subset of stops along a given corridor.
As suggested above, these services constitute an operating strategy that can be
beneficial to all stakeholders. For passengers, the relatively small number of stops
implies a reduction in travel times, due either to the direct time savings from not
stopping as frequently or the possibility of taking alternative route segments that are
shorter or faster. For system operators, the reduction in route cycle times means more
efficient vehicle utilization and therefore lower operating costs. Furthermore, the
higher speeds allow operators to provide a given level of transport capacity with a
smaller fleet, thus giving them the flexibility to choose between lowering costs while
maintaining capacity or improving frequency and comfort. But if express services are
to be a genuinely attractive alternative, these advantages must be enough to offset the
increases in wait times and transfers for users at skipped stops. In other words, these
services will not always be a net benefit.

The central question the present study attempts to answer is what attributes of a
bus corridor make it attractive for the implementation of an express service. The
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ultimate objective is to develop an indicator for the attributes that estimates the
general benefits of implementing this type of service along a given corridor. Our
methodology for answering this question will consist in constructing a series of
scenarios with different characteristics, designing a solution using express services
for each scenario and solving an optimization problem for each one, measuring the
benefits generated by these solutions, and finally, calibrating an econometric model
to estimate the benefits obtainable as a function of various corridor attributes. The
model will thus be an estimator of the potential of express services for different
corridors, from which some simple rules can be derived for identifying opportunities
to implement them.

1.1 Literature Review

According to Desaulniers and Hickman (2007), the first study to address the express
service design problem was Jordan and Turnquist (1979), which optimizes the
operation of a corridor on which all trips are attracted to (generated at) the first (last)
stop. This model was generalized by Furth (1986), who studied the problem for the
case of bidirectional and branching corridors while maintaining the same demand
structure.

Some authors have evaluated the performance of express services through case
studies. One such effort is the work of Ercolano (1984), who surveyed users of express
services in the New York borough of Manhattan. Another example is Silverman
(1998), who conducted an analysis using data from 25 New York City services. Both
investigations found the measure to be effective and reported positive benefits for
operators as well as passengers. Tétreault and EI-Geneidy (2010) proposed an express
service for Montreal with four different scenarios for selecting stops, prioritizing
those where demand is greatest. EI-Geneidy and Surprenant-Legault (2010) evaluated
the implementation of this proposal and detected both travel time savings and a
positive perception of the service on the part of users.

A number of recent works have developed methodologies for designing corridor
express services and have performed various sensitivity analyses of the results. Sun
et al. (2008) formulates an integer programming model that optimizes the
configuration and frequency of three services (regular, express and zonal) assuming
passengers minimize their itinerary by choosing a single service without considering
the possibilities offered by common (i.e., overlapping) lines. The authors identified
trip volume and low operating speed as indicators that express service should be
provided. Chen et al. (2012) devise a model that minimizes social costs for a corridor
served by regular and express services and present a case study for the Beijing BRT
system, but include no sensitivity analysis.

Chiraphadhanakul and Barnhart (2013) propose an incremental algorithm for
designing an express service operating alongside a regular service. Their
methodology assumes that some users prefer to wait for express service, the
proportion so doing depending on the time savings it affords, but takes no account of
service frequency. After analyzing 178 bus routes the authors conclude that express



services should be implemented when average trip length and the ratio of the value of
travel time to that of wait time are relatively high. They also contradict the observation
of Sun et al. (2008) (and later Larrain, 2010a), finding that demand volumes are
correlated with total user welfare only in an absolute sense.

Leiva et al. (2010) develop a model for designing express services on a limited-
capacity public transit corridor. Their proposed formulation minimizes social costs
(i.e., operator plus user costs) for a predefined set of candidate express services. The
model’s results are consistent with rational behaviour on the part of users (who
minimize their itineraries considering the existence of common routes). This is so
even in the presence of vehicle capacity constraints, which are handled by increasing
the lower bounds on service frequency until the offer is consistent with the desired
behaviour. Larrain et al. (2015) address the problem of generating zonal services (a
special case of express services) to feed the Leiva model and proposes various other
modifications to it including an improved capacity adjustment heuristic.

The Leiva model is applied in Larrain et al. (2010a) to analyze the potential of
express services in different corridor scenarios. In the case of a corridor in Santiago,
Chile, the model finds that express services would generate total social cost savings
on the order of 10%. In this as well as other cases reported by the authors, much of
the savings are derived from a small number of different services. The indicator found
to be best correlated with the savings obtained is the average trip length, although it
was also observed that express services generate greater savings percentages at higher
demand levels.

Larrain (2010b) extends Larrain et al. (2010a) to include an analysis of the effect
of specific origin-destination pairs with high trip concentrations. Using the trip
matrix’s variability coefficient as an estimator of this attribute (the higher the
coefficient, the more homogeneous the trip dispersion, that is, the lower the trip
concentration), the authors conclude that the benefits of the express services increase
when the trips are more concentrated in a small number of O-D pairs.

1.2 Conceptualization of the question

To develop an answer to the central question posed by this study as set out above, we
must first establish (1) the set of possible variables that influence the impact express
services have on the efficiency of a BRT system, and (2) how the performance of an
express service solution should be measured. In what follows, therefore, we specify
the explanatory variables that were included in the experiment carried out for this
study and the performance indicator used for evaluating the candidate solutions.

The explanatory variables were chosen partly on the basis of the results reported
in the works discussed above in the literature survey, and partly based on our own
experience working with express service design algorithms. These variables can be
classified into three groups: demand characteristics, operating characteristics and
relative weights of the cost components. The three groups are taken up in turn below.



1. Demand characteristics: The experiment we conducted used trip matrices for a
variety of trip volumes, average trip lengths and trip concentration levels. The
passenger load profile shape as such was not included as an explanatory variable
given that in Larrain et al. (2010a) its effect was shown to be unclear and
attributable in large part to average trip length. Also left out was demand
imbalance as this factor refers to highly specific cases already studied in the
literature (deadheading) and can in any case be considered as a form of trip
concentration. A new factor in the analysis is the critical arc load, incorporated
through the minimum all-stop service frequency. By comparing this factor to the
unrestricted optimal frequency we can determine the degree of vehicle
overcrowding.

2. Operating characteristics: One of the most important factors in our experiment is
bus stop dwell time. The potential savings in travel time costs depend directly on
this phenomenon. Another variable included in the present study is vehicle
capacity, which has a direct impact on vehicle overcrowding. Earlier analyses
have already shown this factor to be a good predictor of express service potential.
A third variable we incorporated is corridor length in terms of the number of bus
stops. Other operating and topological parameters such as speed, distance between
stops and therefore travel time between stops were excluded from our experiment,
however. From the passenger’s point of view, travel time between stops is a
constant that cannot be avoided and therefore has no effect on service
optimization, while from the operator’s standpoint, the effect of varying distances
(or times) between stops is similar to that of modifying operating cost parameters
and is accounted for in that form in our modelling, as will be explained in the next
item.

3. Relative weights of the cost components: The social costs to be optimized by our
proposed model have four components: operator costs, in-vehicle travel time
costs, wait time costs and transfer costs. Each of these components has one or two
associated parameters that determine its weight in the model’s objective function.
Operator costs depend on the unit distance operating cost and the unit time
operating cost. In-vehicle travel time is weighted by the travel time value while
wait time is weighted by the wait time value. Since we will only consider medium
and high frequency services, we assume that wait times are inversely proportional
to the service frequency and directly proportional to the parameter A. This
parameter is just the average proportion of the average interval between buses that
a passenger must wait and represents the random factor in bus arrivals. However,
since it always appears in our formulation multiplied by the wait time value (as
will be see below), there is little point in subjecting it to a separate sensitivity
analysis. Finally, transfers are weighted by a transfer cost parameter.

The performance (quality) indicator used to evaluate the candidate express service
solutions in a given scenario can be specified in various ways. In this study we will
use an indicator we call corrected percentage savings, defined as the percentage
difference between the corrected costs of the solutions for a given scenario with and



without express services. The corrected cost of a solution is defined as its social cost
less the fixed element of travel time users must incur. The detailed specification of
these costs will be given in Section 3.

The remainder of this article is organized into four sections. Section 2 introduces
the algorithm used to design the express services to be evaluated in our experiment;
Section 3 reports on the experiment, detailing the construction of the scenarios to be
optimized, the calculation of the performance indicator and the calibration of the
multiple linear regression model for estimating the indicator values; Section 4
contains various analyses using the calibrated model for answering the central
question posed in this study; and finally, Section 5 presents our conclusions.

2 Express service design algorithm

To evaluate the effects of the different variables on express service performance we
develop a tool that optimizes the design of express services along a corridor for the
different scenarios to be evaluated. The tool consists of an with two modules that feed
back to each other, one generating candidate services and the other optimizing service
frequencies.

The algorithm assumes that the corridor to be optimized has 2n stops (n in each
direction) and that stops 1 to n in the outbound direction coincide geographically with
the inbound stops n + 1 to 2n. It is also assumed that demand between stops is fixed
and known and that, to facilitate optimization, users do not make transfers and the
buses are all of the same vehicle type.

2.1 Frequency optimization

The frequency optimization problem consists in determining, for a given corridor and
set of candidate services to be operated on it, what is the vector of frequencies that
minimizes social costs. The vector may have various zero elements, indicating that
some available services may not be used. In this context a service is defined as a
sequence of nodes to be visited in a given corridor direction. Thus, the need to work
with a single vehicle type.

The notation used in the rest of this article is summarized in Table 1.

Table 1: Notation.

Notation Description
L Set of candidate services to be evaluated.
w Set of corridor origin-destination (O-D) pairs.
N Set of corridor nodes, |V'| = 2n.

fi Frequency of service | € L.




f Vector of service frequencies, {f;}.

ar Frequency of service [ € L perceived as attractive for O-D
pair w; equal to O or f;.

g Vector of attractive service frequencies {g}"}.

c Cost associated with service [ € L per frequency unit (note
that ¢, is for all-stop service).

cL, Cr Variable operating costs per unit of distance and time,

respectively.

T, Demand for trips between O-D pairw € W.

T Total corridor demand, i.e., T = Y ew T -
P Critical arc load of a corridor.

A Wait time parameter.

B Demand volume amplification parameter.
w

t] Travel time for service | € £ between O-D pair w € W.
Owr Wait time value.
Orr In-vehicle travel time value.
b Vehicle capacity (in passengers).
O(w),D(w)  Origin and destination nodes, respectively, for O-D pair w €
w.
o(l),D(D) Initial and terminal nodes, respectively, of a service 1 € L.

The service frequencies along a corridor with no transfers are optimized by the
following model:

A
Min|TC(f, ) —chfl +6,r Z T
leL wew e gi" (1)
tY
+9TTZT Z§L g
= ec9gr°
Subject to
g9’ <f, VIELVWEW (2)
g’ =0, vlIE L,Yw EW (3)
iy D fi= Y fit YA @
o()=i Lo(l)=2n+1-i :D(D)=i I:D(D)=2n+1-i
vi={1,..,n}

This formulation is a variation on the one presented in Larrain et al. (2015), which
was modified to allow for short turn services (i.e., services that cover only a part of a
complete corridor). The model minimizes the social costs of the corridor as a function
of the service frequencies f and g. The social cost function (1) that is optimized is
the sum of the following three terms:



1. Operator costs (first term). Assumed to be proportional to service frequency.
Operating costs per frequency unit of service 1, denoted c;, are estimated as
follows:

¢, = cicly + cpcty (5)

where parameters cl; and ct; represent the cycle distance and cycle time of service
1. This definition implies that the operation costs per frequency unit for an express
service are lower than those for a normal service because the former has a shorter
cycle time.

2. Wait time costs (second term). Obtained assuming that the wait time for an O-D
pair is the average headway of attractive services multiplied by the constant 1
described earlier.

3. Travel time costs (third term). For each O-D pair, based on the average travel time
weighted by the corresponding frequency.

Constraints (2) and (3) define the relationship between frequencies and attractive
frequencies. Constraint (4) is a flow conservation condition for buses at each stop,
ensuring that for each node i and its corresponding node in the opposite direction
2n + i — 1, the sum of the frequencies of services terminating their run must be equal
to the sum of those for services initiating their run.

Note that model (1)—(4) does not take into account vehicle capacity. Imposing a
direct capacity constraint may result in solutions whose user assignment does not
satisfy the user equilibrium conditions. To address this problem, Leiva et al. (2010)
propose an algorithm, improved in Larrain et al. (2015), in which the frequency of the
service with the greatest capacity deficit is increased iteratively until a solution is
reached that does not violate vehicle capacity. A variation on this algorithm in which
express services are prioritized at the time frequencies are increased is proposed in
Larrain (2013). In the present study these two heuristics will be referred to as CAP
and CAPe, respectively.

2.2 Generation of services

The service generation problem consists, as its name suggests, in generating services
that would help construct better solutions or improve existing ones for the frequency
optimization problem. In this context a service is defined as a sequence of stops to be
visited in a given corridor direction.

A series of heuristics for generating potentially beneficial express services along a
corridor is presented in Larrain (2013). The main characteristics of these heuristics
are set out in Table 2.

Table 1: Heuristics for generating express services along a corridor.
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GEN, No No No Generation of initial services: Using a greedy

heuristic, chooses an all-stop service and
sequentially eliminate some of them on a local
optimality criterion, thus generating an initial
list of express services.

GEN, No Yes No Generation of short services: Builds a list of
short turn services.

GEN, No Yes No Generation of zonal services: Builds a list of
zonal services that visit a complete set of stops
in the initial and final segments or zones of a
route while skipping a large number of
consecutive stops constituting the middle zone.

GEN, No No Yes Generation of additional services: Builds a
series of new express services for a corridor
from a given solution. The services are created
by adding stops to an initial base service.

GENc; Yes Yes No Short service considering capacity: Builds a
solution that satisfies the capacity constraint
using a short service and an all-top service in the
critical direction of the corridor.

GENc, Yes Yes No Zonal service considering capacity: Builds a
solution that satisfies the capacity constraint
using a zonal service and a regular service in the
critical direction of the corridor.

GENc; Yes Yes No Zonal service considering capacity: Builds a
solution that satisfies the capacity constraint
using a zonal service, a short service and an all-
top service in the critical direction of the
corridor.

Note that Table 2 classifies the services by three different criteria. The second
column indicates whether the various heuristics consider vehicle restrictions in the
design. For those that do not, the list of services they generate can be added to the set
of services L of the frequency optimization problem, leaving capacity to be corrected
later using CAP or CAPe. The heuristics that do consider capacity directly deliver a
solution that uses a reduced number of services but satisfies the capacity constraints.

The third column of Table 2 indicates whether or not the services generated by the
heuristics are in either of the two specific formats: short (all-stop service) or zonal
(skipping a set of consecutive stops in the corridor’s middle segment). The zonal
service heuristics with and without capacity constraints are described in detail in
Larrain et al. (2015).



Finally, the fourth column of the table indicates whether the heuristics are based
on a pre-existing solution for the corridor.

2.2 The algorithm

The service generation heuristics just described are combined with the frequency
optimization model into a two-module algorithm for generating express services that
was first proposed in Larrain (2013). This algorithm operates in three stages. The first
stage begins with an initial solution for an all-stop service. In the second stage,
heuristics are applied to generate services for the case where there is no overcrowding,
that is, without considering vehicle capacity. If this solution does not satisfy the
vehicle capacity constraints, the algorithm proceeds to a third stage in which the
capacity restrictions are satisfied. The three stages are described more fully below.

1. Initial solution with all-stop service.
a. Optimize the operation of an all-stop service modelled for both directions. The
optimal frequency (which is necessarily the same in both directions) is given
for this case analytically by the following formula:

fis = max 3 s

This expression chooses the maximum value of two terms. The first term is
the frequency that ensures vehicle capacity is sufficient to carry the critical arc
load while the second term represents the optimal frequency if capacity is
disregarded (Mohring, 1972, Jansson, 1980). The c,s term is the all-stop
service operating cost and is given by (5) in Section 2.

(6)

2. Solution to problem without considering capacity.
a. A priori service generation
i. Apply GEN, to identify the set of short services L; that could be
attractive. Also include in L¢ all-stop services from terminus to
terminus for both directions. Do L « L.
ii.  Apply GEN, using as a base each element of £ that has three or more
stops. Incorporate the new services thus obtained into set L.
iii.  Apply GENj, incorporating the newly generated zonal services into L.
iv. Optimize the frequencies using model (1)-(4) (without capacity
adjustment) and eliminate the services with zero frequencies from L.
b. Generation of additional services.
i. V(@ j))enN:3leL:00)=inD() =/, apply GEN, using as a
base the service that connects the nodes i and j with no intermediate
stops.



ii. Optimize frequencies using model (1)-(4) (without capacity
adjustment) and eliminate the services with zero frequencies from L.

If the solution at this point does not satisfy the vehicle capacity constraints,
proceed to the third stage:

3. Solution to problem considering capacity.
a. Store the current solution to the problem without capacity constraints.
b. Starting from this solution, apply algorithms CAP and CAP, storing both
solutions thus obtained.
c. Solve the problem using GENc,, GENc, and GEN c3, storing the solutions thus
obtained.
d. Compare the solutions obtained in 3.b, 3.c and 1.a, and choose the best one.

3 The experiment

In this section we report on the experiment carried out as part of this study to establish
which attributes of a bus route corridor determine the benefits to be gained from
express services. To this end we constructed a series of scenarios incorporating
different values for the explanatory variables proposed in Section 1. The express
service design algorithm presented in Section 2 was then applied to each of these
scenarios. The results so generated formed the basis for the calculation of the
(corrected) percentage savings on costs afforded by each scenario as measured in
relation to an optimized all-stop service. Three linear regression models were
sequentially calibrated to determine the effects of the explanatory variables on the
performance indicator. The following paragraphs describe the construction of the
scenarios to be evaluated, the derivation of the corrected percentage savings and the
calibrated models; the results will be analyzed in Section 4.

3.1 Definition of the scenarios

Due to the many variables involved, a number of simplifications were made in order
to limit the quantity of scenarios in the experiment and facilitate their solution. One
such measure, already mentioned in Section 3, was to assume the cost of transfers is
sufficiently high that system users consider only direct routes. Also, as noted in
Section 1 the demand imbalance and load profile shape factors were omitted.

Yet another simplification was to vary the two parameters defining operator costs
(ci. and cr) simultaneously, implying that the ratio between them remains constant.
This meant that the experiment was able to measure the effect of operator costs as a
whole but not—at least directly—broken down by cost component. Finally, since
operator costs and the travel and wait time values are the relative weights of the



objective function terms, we opted to fix one of their values, namely, the travel time
Orr.

To generate the experimental scenarios, we defined four base trip demand
matrices and a series of parameters to be varied, the latter consisting of wait time
value, operator cost, total demand, dwell time and vehicle capacity. The matrices were
generated from passenger load profile data on two bus corridors in the city of
Santiago, Chile: Avenida Pajaritos and Avenida Grecia. For both corridors the load
was distributed among 10 and 20 stops per direction, thus obtaining the four matrices
shown in Figure 1.

15000

12 3 45 6 7 8 9 1011 12131415161 18190 12345672 0101112131415161718192021 222324252627 2820 3031323334 353637 383940
Bus Stop

O Trips generated B Trips attracted ® Passenger Load Profile

=
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i B

Figure 1: Load profiles of base trip matrices.

The figure shows the trips generated and attracted as well as the load profiles for
the four matrices. Note that for each case, both directions are illustrated. Profiles 1la
and 1b are based on the Avenida Grecia corridor where the load is highest in the
middle segment, as is typical of services that cross a city’s central business district.
Profiles 1c and 1d, based on Avenida Pajaritos, reflect the increasing or decreasing
pattern of a corridor whose activity is concentrated at one end, typical of services that
originate or terminate in the central business district or act as a feeder to another mass
transport mode such as a Metro system.

In the 10-stop scenarios (Figures 1a and 1c) the stops are assumed to be equally
spaced at 800m intervals, implying the corridors are 7.2 Km long in each direction,
whereas in the 20-stop scenarios (Figures 1c¢ and 1d) the stops are equidistant at 400m
intervals so that each direction is 7.6 Km long. For both corridors we assume the
operating speed of the vehicles is 25 Km/h. The key attributes of each base trip matrix
are summarized in Table 3.



Table 2: Attributes of base trip matrices.
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1 10 Grecia 37,728 5070 4192 12 3.2 13,392
2 10 Pajaritos 20,546 673.7 2283 3.0 51 14,119
3 20 Grecia 38,744 2059 1020 20 6.3 13,400
4 20 Pajaritos 20,453 176.0 538 33 10.6 14,101

As these data reveal, the matrices cover a variety of interesting possibilities. The
values for the standard deviation and average number of trips are calculated at the O-
D pair level and the ratio of these two values is the coefficient of variation. Average
trip length is expressed in stops, a trip between two consecutive stops being
considered as one stop long.

The possible values of the remaining parameters in the experiment are defined as
explained below and summarized in Table 4.

Travel time value as shown in the table is approximately the value used in Leiva
et al. (2010) which is based on data for the city of Santiago.

Wait time values are either 1, 2 or 3 times the travel time value since users are
typically assumed to penalize waiting more than travelling.

The base values for the operator cost components c;, and ¢ are set at 500 Chilean
pesos per bus-Km and 5,000 Chilean pesos per bus-min, the two figures derived
from data for Santiago in Fernandez and De Cea (2003). The values actually set
for the various scenarios range as high as double the base values and as low as
one-third of them but the same relative proportions are always maintained.
Demand volume g for the different scenarios as shown in the table is also varied
up to double and down to one-half.

Dwell time values are 0.5, 1.0 and 1.5 minutes. These levels are deliberately set
relatively high since preliminary testing demonstrated that with times of less than
30 seconds, express services would rarely be justified.

Vehicle capacity values are 80, 120 and 160 pax/bus.

The parameters combine with the four base matrix cases to form a total of 972
scenarios to be optimized in our experiment.

Table 3: Range of possible parameter values for scenario generation.

Parameter Number of options  Possible values

Base matrix 4 1,2,30r4



In-vehicle travel time (017) 1 15 $/min

Wait time (0 7) 3 15, 30 or 45 $/min
Operating cost - distance (¢;) 3 250, 500 or 750 $/bus-Km
Operating cost - time (cr) 1* 10c;, $/bus-min

Demand volume (B) 3 05,1.0,20

Dwell time (t) 3 0.5, 1.0, 1.5 min

Vehicle capacity (b) 3 80, 120, 160 pax/bus

3.2 Calculation of corrected percentage savings

The corrected percentage savings for a given scenario in the experiment is defined
as the percentage difference between the corrected cost (less the fixed components)
of the scenario’s optimal solution using express services and the corrected cost of the
solution for the baseline optimal-frequency all-stop service. To obtain this percentage
we must first define the minimum total trip cost as that which would obtain if every
trip was made with no stops from origin to destination. This cost is given by the
following formula:

MTTC = 6,7 Z Twz t¥ — PTTS 7)

weEW leL

As can be seen, this value consists of the travel time cost when all users take the
all-stop service minus the dwell times at each stop made on their trips. The latter
component is thus the potential travel time savings, whose formula is as follows:

PTTS = 0,77SkT (8)

In this equation,  is the travel time saved by skipping a stop while Sk is the
average number of skippable stops for a trip along the corridor in question. The latter
term is given by

Zwew Tw (D(W) —0(w) — 1)

T )

Sk =

where O(w) and O (w) represent the origin and destination nodes of O-D pair w.
The total corrected cost of a given solution can then be calculated as

CTC =TC — MTTC (10)

If CTC" is the corrected cost of the solution of a scenario optimized by the
algorithm and CTCyg the corrected cost of the baseline all-stop solution, the corrected
percentage savings is



ps — CTC* — CTCys "
a CTCys (1)
The all-stop solution corrected cost CTC4g is derived by substituting the optimal
frequency into the objective function (1), that is, setting f; = g}" = fis, VL € L,Vw €
W where f is given by (6).

3.3 Calibration of the model

For each of the above-described 972 scenarios a set of services was designed using
the algorithm developed in Section 2. The corrected percentage savings was
calculated for each of these solution and the multiple regression model was then
calibrated for this indicator.

To specify the model, we began by calibrating a simple model consisting of
explanatory variables related to the factors already identified as significant in previous
studies and cited here in Section 1: average trip length, trip concentration and system
trip volume. We then gradually added new variables suspected to have explanatory
power, thus improving the model at each iteration. After two iterations this procedure
resulted in a model that provided a satisfactory goodness of fit (R? = 86.9%) with no
visible room for improvement. The explanatory variables retained in the calibrated
model were thus the following:

e Potential travel time savings. This variable explains the same effect as average
trip length but was included in its stead. Although average trip length is highly
correlated with express service performance given that the longer the trip the
greater the number of stops that can be skipped, it also depends on the distance
between stops and thus in some cases will deliver a distorted result.

o Trip matrix coefficient of variation. As shown in Larrain (2010b), this coefficient
represents the corridor trip concentration, given by the following equation:

O-W
CV = ﬁ (12)

o where T, is the average number of trips between O-D pair w € W and o, is the
standard deviation of the trips. Higher values of CV indicate that the trips are less
dispersed within the matrix, implying that they are concentrated among a smaller
number of O-D pairs.

e Overcrowding index. The system trip volume and especially its overcrowding
level also serve as predictors of the potential of express services for a corridor
(Larrain, 2013). One way of determining if a problem involves overcrowding is
to calculate its optimal solution without the capacity constraint and then check
whether the solution’s loads satisfy the constraint, and if not, by how much they
exceed it. Taking this as the overcrowding baseline for the solution without
express services, the overcrowding indicator is then formulated as



P/b

Oy AT (13)
Cas

ol =

A value of OI greater than 1 means that the capacity constraint determines the
optimal frequency for the all-stop case, implying in turn that the scenario can be
considered as overcrowded. More generally, the greater the OI the higher the
scenario’s overcrowding level.

e Operator cost per unit of distance. This variable, incorporated into the model after
the first iteration, is the €z parameter in the operator cost formula (5).

e Dwell time. This variable was incorporated into the model after the second
iteration and represents the time a vehicle takes to visit a stop, including
deceleration, actual time at the stop and acceleration.

The specification of the calibrated model is as follows:

CPS = ay + a, PTTS + a,CV + a3Cl + aucp + asT (14)

The parameter values of the calibrated model are summarized in Table 5.

Table 4: Parameter values of calibrated model.

Parameter Variable a; value (t statistic)

a, - -1,41E-01 (-18,67)
a, PTTS 2,58E-08 (27,15)
a, cv 8,41E-02 (38,39)
a3 CI 3,24E-02 (19,24)
a, cL -9,35E-06 (-24,48)
as T 1,21E-01 (25,56)
R? = 86.90%

4 Analysis of the experiment results

As may be observed in the specification of the model, the benefits of a given scenario
are estimated by five explanatory variables: 1) potential travel time savings; 2) trip
concentration; 3) system overcrowding level; 4) all-stop service operating costs; and
5) dwell time. These variables can be further decomposed to determine the effects of
other factors on the problem. The five just cited are analyzed below in light of the
results of the results of the experiment.



4.1 Potential travel time savings

The benefits of express services increase as potential travel time savings increase.
From (8) it is evident that these savings increase in turn with increases in the following
factors:

¢ In-vehicle time.

o Dwell time. This factor influences the regression in its own right, and does so in
the same direction in both cases. The greater the dwell time, the greater is the
incentive to use express services.

e The number of stops per trip. This variable is approximated in some cases by
average trip length given that the two are highly correlated. Another variable
typically correlated with the number of stops is the stop density since an increase
in the latter implies that trips cover more stops.

e The total number of trips. Since this factor also influences the overcrowding index,
the net effect will be discussed under the latter variable.

4.2 Trip concentration

As regards trip concentration, the results confirm what was observed in Larrain
(2010b), namely, that the coefficient of variation satisfactorily captures this effect and
is a good predictor of express service performance.

4.3 Overcrowding level

The results showed that the greater is the overcrowding, the greater are the express
service’s potential benefits. Recalling the overcrowding indicator (13), if we assume
the maximum profile is proportional to the flows (that is, P = KT), then

k | cyT
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(15)
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This formula implies that the benefits of express services increase with:

e Increases in the critical arc load relative to total trips.

e Decreasing vehicle capacity, which clearly translates into greater
overcrowding levels.

e Decreasing wait time value multiplied by A.

e Increasing operator costs. This effect contradicts the direct effect of operator
costs as an explanatory variable in the regression; the net effect will be
discussed below under operating cost.



e  Decreasing number of total trips.

Since the effect of total trips on the overcrowding factor is the opposite of its effect
on potential express service savings, we measure the net effect on the benefits
predicted by the regression. Thus, we derive (14) with respect to total flow as follows:

ocPs _ ok [ s iy
oT | TR T G3oy g AT (16)

This expression is positive for any value of T, implying in accordance with model
CPS that an increase in total flow makes express services more attractive.

4.3 Operating costs

The net operating costs for all-stop service must also be calculated given the factor’s
multiple appearances in our formulations. The derivative of the benefits with respect
to these costs is

6CPS P
=a + a, (17)
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Given that a, is negative, the value of this derivative will depend on the value
taken by all the other parameters. Upon evaluating the derivative for the 972
scenarios, it was found that even though in the majority of cases it was negative (i.e.,
an increase in operating costs reduces express service performance), there were 6
scenarios in which the derivative was positive. This implies that the effect of these
costs on express service benefits depends on the specifics of a given scenario.

It is clear from (5) that operating costs for the all-stop service c g are a function
of operating costs due to distance and time as well as the length and time of the service
cycle. The foregoing implies that these variables will have the same effect as c,5 on
express service benefits.

4.4 Dwell time

As noted above, dwell time affects the savings estimation both directly (with as > 0)
and indirectly through the PTT A variable. The two effects work in the same direction,
however. Thus, longer dwell times in a given scenario are a sign that it has greater
potential for express service benefits.

5 Conclusions



The results set out above give us a clear idea of the potential of express bus services
as a BRT management policy under different scenarios. More particularly, the model
we proposed can be used to predict the performance of such services. Needless to say,
for the model’s predictions to be valid in any given application the parameter values
must be reasonably close to the ones used in our experiment; extrapolating to different
underlying conditions risks losing validity. What we can nevertheless state with
confidence based on the experiment reported here is that the attractiveness of express
services increases with the following tendencies:

e Increasing dwell time,

e Increasing number of stops per trip or average trip length,

o Increasing number of trips on the system,

e Increasing travel time,

¢ Increasing concentration of trips on a limited number of origin-destination pairs,
e Increasing critical arc load as a proportion of the load for all trips,

e Decreasing vehicle capacity,

o Decreasing value of wait time.

One effect our proposed methodology does not directly take into account is the
number of transfers made by users of express services. It can nevertheless be argued
that lower transfer costs (obtainable in practice by improving transfer conditions)
would be an incentive for users to take express services. An analysis that included
this effect would require a frequency optimization model that generated reliable
solutions in the presence of overcrowding. The authors of this study are currently
working on a bi-level approach to the solution of this problem that would conclusively
establish the importance of including transfers in express service design.

An interesting line of inquiry for future research would be to develop the
theoretical basis of our results using analytical expressions for the optimal social costs
as a function of the parameters chosen here. In an initial effort a simplified corridor
could be employed with a model, also simplified, of user behaviour, and limiting the
type of express service to formats that facilitate optimization.
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