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Abstract Bus lane capacity is undoubtedly an essential ingredient in the planning,
design and operation of bus corridors. Among the various factors influencing the
bus lane capacity, bus arrival rate has been underexplored. Therefore, this study
focusses on assessing the impact of eight different arrival rates on bus lane capacity.
To achieve this aim, a simulationmodel is developed, and two simulation experiments
were performed. Onewith fixed dwell time and varying arrival rates, and secondwith
fixed arrival rate and varying dwell time. To compute the capacity, transit capacity
and quality of service manual (TCQSM) model is selected. Based on the analysis, as
the arrival rate increases, the bus lane capacity increases at the cost of increase in the
queue length. Furthermore, for a fixed arrival rate, when the dwell time decreases, the
bus lane capacity increases. From the practitioners’ and policy makers’ viewpoint,
the findings of this study highlight the importance of judiciously selecting an arrival
rate.
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1 Introduction

As the demand for transportation is increasing, the needs for sustainable modes
become more evident. An efficient bus rapid transit system (BRTS) is a boon for
cities, which are ridden with innumerable transportation problems due to increase
in traffic density, population explosion, the concentration of economic activities in
central business districts and poor urban planning. From the transit user’s perspective,
BRTS offers enhanced frequencies, increased system reliability and a reduction in
travel time and delays. BRTS capacity is a critical factor that impacts bus frequency,
system reliability, and lower travel time. Therefore, the success of a BRTS heavily
relies on its capacity.

BRTS capacity is dictated by the bus lane capacity and the passenger capacity. It
also reflects the interaction between the passenger flow and the bus flow. The bus lane
capacity is defined as a maximum number of buses which can utilise the facility in an
hour. As per National Academies of Sciences [1], the bus lane capacity is governed
by the loading area capacity. In general, firstly, loading area capacity of a bus stop
is calculated; secondly, bus stop capacity is calculated depending on the number
of loading areas present at the bus stop; thirdly, the first two steps are repeated to
evaluate the capacity of all the bus stops present on the bus lane; fourthly, the critical
bus stop is identified (the bus stop with the least capacity is termed as the critical bus
stop); and finally, the bus lane capacity is calculated which is equal to the critical
bus stop’s capacity [1]. Hereafter, critical bus stop capacity is referred as bus lane
capacity.

In order to calculate the bus lane capacity, various mathematical and simulation
models are available in the literature [1–9]. However, it is still unclear which model
should be preferred when computing the bus lane capacity. Furthermore, a compre-
hensive review of these models is missing in the literature. Synthesis of the literature
further reveals that most of the research studies focussed on how lane capacity is
impacted by the dwell time [10], failure rate [7], signalised intersection [11], etc.
Another important factor which impacts the bus lane capacity is bus arrival rate
(AR) [12, 13]. Surprisingly, this factor is still underexplored.

Motivated by the aforesaid research needs, the present study first reviews three of
the most popular models, reports their features and unfolds their specific limitations.
Furthermore, this study aims to investigate the impact of bus arrivals on the bus lane
capacity. A comprehensive understanding of ARs will assist the practitioners and
policymakers to fix a particular AR or opt for time adaptive ARs with the objective
of maximising the bus lane capacity and minimising the queue length at the bus stop.
In the present study, nine different ARs are investigated by using a simulation model.

The remaining of the paper is organised as follows. Section 2 reviews the bus
lane capacity estimation models. Section 3 describes the methodology and Sect. 4
discusses the results and findings. The conclusions drawn from the study and the
future work are presented in Sect. 5.
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2 Bus Lane Capacity Estimation Model

Intuitively, before developing a newmodel or implementing a particularmodel, it is of
utmost importance to evaluate the models and comprehend their pros and cons. Thus,
in this section, only three (due to space constraints) butmost cited capacity estimation
models are reviewed. Table 1 presents different features and limitations of these
models. Highly preferred TCQSMmodel to estimate the lane capacity has twomajor
limitations: (a) ignorance of complex stochastic process noticeable at the bus stop,
for example, passenger movements, bus arrival and departure; (b) underprediction of
stop capacity values as compared to the field observations. The TCQSM model still
can be applied to the bus stops with non-complex passenger–bus interactions. Based
on the review, we conjecture that there is a need for developing a reliable, robust
and realistic capacity estimation model. In this regard, the important elements which
fully specify the bus stop [12] and shall be considered when computing the bus lane
capacity are as follows:

• The bus stop area and the platform
• Berth configuration (linear, sawtooth, parallel, etc.)
• Utilisation of berths
• Single or multiple stops
• Character of the stop (mandatory or optional)
• Entry and Exit discipline to the stop area (First In First Out (FIFO) or overtaking
allowed)

All these factors impact the passenger–bus interaction.
To investigate the impact ofARon the bus lane capacity, this study adopts TCQSM

model to compute the capacity. Importantly, to enhance the applicability of themodel
and lessen the impact of its limitations, this study focusses on a section of a one-lane
busway with one on-line stop constituting single loading area and no traffic signal.
This is critical because the primary aim of this study is to comprehend how AR
impacts bus lane capacity rather than developing a new model.

There are two important components of TCQSM model, namely the dwell time
and the failure rate. The dwell time at a bus stop begins when the bus arrives and
stops at the stop, and ends when the bus leaves the stop [14]. As per TCQSM, the
dwell time is calculated as the sum of boarding and alighting time, door opening
and closing time, and passenger service time. The other component, failure rate is
defined as the probability of finding all the loading areas occupied when a bus arrives
at the bus stop. In this study, the failure rate is calculated in percentage as total time
spent by all the buses in queue divided by 3600 and incorporated using Z , same as
TCQSM. Furthermore, as there is no traffic signal, the g/C ratio is equal to 1. Since
the bus stop consists of a single birth, Nel is equal to 1. The tc is assumed to be equal
to 10 s.
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Table 1 Review of bus lane capacity estimation models

Model Equation (buses/h) Model parameters Limitations

TCQSM model [1] 3600( g
C )Nel ftb

tc+td(
g
C )+ZCvtd

g
C is green time ratio,
tc is the clearance time
(s), td is the average
dwell time (s), Cv is
the coefficient of
variation of dwell time
and Z is the standard
normal variable
corresponding to a
failure rate

The formulation
assumes that ARs of
buses as well as
passengers are
constant for the
analysis period [13].
Also, the values of
empirical factors
(Nel, ftb, etc.) are
derived from a few
case studies. As wide
variety of bus
operations and
passenger–bus
interaction exist, the
results based on these
empirical factors
might be misleading.
Furthermore, a clear
definition of the
failure rate is missing.
Fernandez and Planzer
[13] reported that the
TCQSM model under
predicts the capacity

IRENE simulation
model [12]

3600n
n
s +tb

n represents the
average number of
buses that can enter
the stop area, s is the
bus lane saturation
flow (bus/s) and tb is
the average duration
for which the last birth
is blocked (s)

Limited flexibility to
choose bus arrivals
and passenger flows.
Particularly, only two
types of bus arrivals
are present, namely
fixed and negative
exponential

PASSION simulation
model [3]

3600Nb

tc+∑Nb
i=1(tpi+tei )

Nb represents the
number of buses in the
simulation, tc is the
constant clearance
time, tpi is the
passenger service time
of the ith bus (s) and
tei is the extra delay
for the ith bus (s)

This model caters for
various interactions
present at the bus stop.
The data required for
input and to calibrate
make the
implementation of this
model difficult [14]



Assessing the Impact of Bus Arrival Rate on the Bus Lane Capacity … 33

3 Methodology

Before detailing the methodology, it is important to define bus ARs. The AR in this
study is defined as the rate with which buses will arrive at the bus stop if there is no
queue at the bus stop. For example, if the AR is 5 min, then the buses arrive 5 min
apart.

3.1 Simulation Model Development

A microscopic single bus lane simulation model is developed in AIMSUN 6.1 [15].
AIMSUN has been successfully used previously for evaluating bus lane capacity [2].

The geometric configuration of the model and a 3-D visualisation are presented in
Fig. 1. As follows from the figure, the bus lane constitutes of an on-line bus stop with
single loading area. Other features of the simulation model are presented in Table 2.

Simulation 1
In the first simulation, the mean AR is varied from 1 to 5 min with a 30 s increment,
and the standard deviation of AR is fixed to 30 s. Bus arrivals are assumed to be
normally distributed. For each AR (total eight), the simulation is run for one hour,
the dwell time was fixed to 120 s, and the passenger boarding time and the alighting
time were fixed to 1.2 and 0.8 min, respectively. The opted dwell time, and boarding
and alighting time have been observed on the bus stations of Bhopal BRT corridor
[7]. Corresponding to each AR, the failure rate, the number of buses in the queue and
the total time in queue (TTQ) were calculated from the simulation, and the capacity
is evaluated using TCQSM model.

Fig. 1 AIMSUN simulationmodel. a 3-D visualisation of the section near the bus stop; b geometric
configuration of the bus lane section
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Table 2 AIMSUN
simulation model
characteristics

Schedules

Initial time 5.00 p.m.

Duration 1 h

Departure times Intervala (Punctual)

Departure distribution Normal

Bus static features

Length 12 m

Width 2.5 m

Bus dynamic features

Mean maximum acceleration 1.00 m/s2

Mean normal deceleration 2.00 m/s2

Mean maximum desired speed 90 km/h

Driver behaviour

Car-following model Modified Gipps’ model

Reaction time 0.8 s

Reaction time at stop 1.3 s

aInterval governs the AR

The TTQ is defined as the total time spent by all the buses in the queue at the bus
stop. The mathematical formulation of TTQ is given by Eq. (1):

TTQ =
n∑

i=1

ti (1)

where i is the bus number according to their entry in the simulation
(i = 1, 2, 3, . . . , n), n is the bus number representing the last bus in the simulation,
and ti is the time spent by the ith bus in the queue at the bus stop.

Simulation 2
The second simulation is performed with the objective of inspecting the impact of
dwell time on bus lane capacity for a fixed AR. This is to mimic the scenario when an
AR is fixed for the buses running on a bus lane and the passenger flow has changed
over the months. Four simulation runs are carried out each with a different dwell
time value. The dwell times employed are 120, 50, 40, and 30 s, and the fixed AR
is 1.5 min. Similar to the simulation 1, the failure rate, the number of buses in the
queue, and theTTQare calculated from the simulation; the capacity is evaluated using
TCQSM model. The factors impacting the AR, for example, passenger demand, are
out of the scope of this paper and the considered mean AR can be assumed as fixed
by the relevant public transit agency after considering all the factors.
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4 Results and Discussion

Figure 2 depicts the trajectories of buses for all the eight ARs. Although the trajectory
plots have been utilised in traffic flow modelling from decades, these are rarely pre-
ferred in demonstrating the bus operations. Evidently, from the figure, the trajectory
plots are an effective way to describe where the bus has stopped, the location of the
bus stop, the queue at the bus stop, and the total travel time of the bus.

From Fig. 2, it is straightforward to observe that AR of 1 min resulted in long
queues. As expected, the queue length decreases as AR decreases (moving from AR
1 min to AR 5 min).

The estimated capacity and other results are presented in Table 3. The largest
capacity achieved is 49 buses/h, and this capacity corresponds to the ARs of 1 and
1.5 min. Moreover, for the AR of 1 min, the TTQ is the largest. These two findings
are important from the bus scheduling viewpoint. For example, the practitioners can
opt for an AR of 1.5 min which leads to a substantial reduction in TTQ without
compromising with the bus lane capacity.

Furthermore, we conclude that for a fixed dwell time, there exists an inflection
AR interval below and above which the bus lane capacity is constant. For the pre-
sented case, the inflection AR interval is 1.5–2.5 min. Therefore, developing on these
findings, an appropriate AR can assist in achieving the desired bus lane capacity.

The results of simulation 2 are summarised in Table 4. As follows from the table,
for a fixed AR, the TTQ and the failure rate increases if the dwell time increases.
The highest bus lane capacity observed is 65 buses/h for a dwell time of 30 s. To

Fig. 2 Space–time variation of the buses during the simulation period corresponding to each AR
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Table 3 Simulation 1 results and the bus lane capacity values for each AR

AR (min) Failure rate (%) Number of buses in
simulation

TTQ (h) Bus lane capacity
(buses/h)

1 >100 60 10 49

1.5 >100 40 3.9 49

2 20 31 0.2 30

2.5 0 24 0.0 25

3 0 20 0.0 25

3.5 0 18 0.0 25

4 0 16 0.0 25

4.5 0 14 0.0 25

5 0 13 0.0 25

Table 4 Simulation 2 results and the bus lane capacity values corresponding to the dwell times

Dwell time (s) Failure rate (%) Number of buses in
simulation

TTQ (h) Bus lane capacity
(buses/h)

100 >100 60 10 49

50 100 60 2 49

40 19 60 0.2 59

30 12 61 0.1 65

highlight the importance of this simulation, consider a situation where the AR of
buses is fixed for a bus lane by taking into account the existing dwell time.

Over the period, if this dwell time increases, the fixed AR will not serve the
purpose and will result in lower bus lane capacity values. Thus, before fixing an AR
for a bus lane, the changes in dwell time or the dwell time pattern over the months
shall be considered.

Above-mentioned findings unfold the need for passenger demand-dependent AR
which can ensure a lower TTQ and a higher bus lane capacity.

5 Conclusion and Future Work

This study investigates the impact of AR on bus lane capacity. To achieve this, a
simulation model is developed in AIMSUN 6.1, and two simulation experiments
are performed. The first simulation experiment attempts to analyse how bus lane
capacity changes with a change in bus AR. On the other hand, the focus of the
second simulation experiment is to analyse how changes in the passenger flows
(reflected by the change in dwell time) impact the bus lane capacity for a fixed AR.
The results of the first experiment reveal that for a fixed dwell time at a bus stop,
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lower AR (moving from 1 to 5 min) leads to lower delays at the bus stop but at the
cost of reducing the bus lane capacity. Moreover, for a fixed AR, if the dwell time
increases, bus lane capacity decreases as demonstrated by the results of the second
experiment. Based on these findings, a passenger demand-dependent AR can serve
the purpose of maximising the bus lane capacity and minimising the delays in the
queue. Also, from the practitioners and policymakers viewpoint, a particular AR
shall be judiciously selected keeping in mind the possible changes in the dwell time
over a long-time period.

Furthermore, estimating bus lane capacity of BRTS is imperative for decision-
makers and planners. The main reason is to determine the state beyond which the
capacity cannot be increased further without making design changes in the bus lane.
This study showcases (by pointing out the limitations of the existing models) the
need for reliable, robust and realistic capacity estimation models which are capable
of incorporating a wide variety of stochasticity present on the bus lane. For example,
stochastic passenger flow, the number of loading areas, bus ARs, etc. From the
modelling perspective, simulation models can simulate a wide variety of scenarios
and therefore they have an edge over simplified mathematical models. However,
the mathematical models present at the core of the simulation packages still require
improvements.

Understanding different factors impactingAR and thereby bus lane capacity could
provide valuable insights. This is a topic of future research.
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