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Abstract: Capacity estimation of a curbside bus stop is essential to evaluation of its operation, reliability and performance. Arrival buses and served buses will form an 
overflow queue and an interlocking queue in loading areas with high frequencies. Therefore, bus stop blockage may reduce the stop capacity. The capacity of a bus stop is 
modelled as a function of the blockage probability, the arrival of buses, and the service time, while considering the no-overtaking principle and allowable-overtaking principle. 
This study aims to estimate the capacity, minimum arrival time and maximum service time based on the blockage probability and number of berths. The results indicate that 
congestion can be effectively alleviated by increasing the number of berths when the demand for loaded buses is low due to the significantly changing probability threshold 
for a NO stop. A congestion and stopping principle is important when multiple bus routes converge at the same bus stop. By combination with an actual case, an optimal 
overtaking principle is obtained using a computer program written in the MATLAB environment. The developed methodology can be practically applied to determine the 
loading principle and designated stopping berths for multi-route buses. 
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1 INTRODUCTION 

 
Bus stops represent a key type of bottleneck that leads 

to significant capacity drops and delays in bus system 
performance [1, 2]. Urban public transit systems perform 
an essential function regarding the mobility of citizens in 
metropolitan areas around the world [3, 4]. The stopping 
demands of different types of stops and various road 
conditions lead to the need for greater divergence and 
randomness. In this manner, bus behavior and queue 
discipline are characterized by tasks with high complexity. 
In general, the shape and size of bus stop and its capacity 
are restrained by road cross section and the adjacent objects 
(e.g. sidewalks, buildings). This research focuses on the 
curbside bus stop, which includes all activities within an 
isolated stop, such as bus queuing, arrival loading areas, 
boarding and alighting of passengers, and departure. The 
capacity of curbside bus stops with multi-berth and tandem 
sub-stops is important for the accessibility and reliability 
of public transport, and thus, it has become increasingly 
important to continuously improve the service level of bus 
stops [5]. Blockage probability and queue discipline could 
be key performance indicators for improving bus stop 
capacity since the goal of such stops is to function 
effectively with minimum delays and blockages. Thus, a 
capacity model described by "Highway Capacity Manual 
2000" (HCM) has been used as a foundation for this study. 
The model includes the average dwell time, coefficient of 
variation, clearance time, effect of traffic signals in front of 
the bus stop, and probability of bus queue formation behind 
the bus stop [6]. Based on the HCM model, a model 
considering the blockage probability, no-overtaking 
principle (NOP) and allowable-overtaking principle (AOP) 
will define the capacity of a curbside bus stop. 

The remainder of this paper is organized as follows. In 
Section 2, we discuss the relevant literature. In Section 3, 
the capacity models for the NOP and AOP are developed. 
In section 4, the models are analyzed for multiple berths 
based on NOP and AOP capacities. In Section 5, we verify 
the effectiveness of the proposed methods using an 
idealized bus stop and a real bus line in Xi'an, China. 
Finally, Section 6 draws conclusions, describes the future 

work of the study and discusses the practical implications 
for bus operation. 

 
2 LITERATURE REVIEW 

 
Two categories of estimating bus stop capacities are 

available in the literature. First, analytical models are used 
to estimate capacity with a steady-state formula [7]. The 
estimation of bus stop capacity is based on the HCM2000 
[6]. 

Fernandez & Planzer [8] presented that the HCM 
model tends to underestimate bus stop capacity compared 
to the results of other field studies. Fernandez further 
mentioned divided bus stops. A divided bus stop contains 
berths that are separated to reduce bus interference and 
increase bus capacity. The capacity of the downstream stop 
should be added to the reduced capacity of the upstream 
stop [9]. Al-Mudhaffa calculated the bus stop capacity 
considering the scheduling and design of terminals, 
estimating the maximum number of bus departures. In the 
long term, deeper analysis will be required, e.g., 
considering the need for a safety zone behind reversing 
buses and the demand for dedicated loading areas [7]. Gu 
presented a method to estimate the capacity as functions of 
not only, but also bus arrival process and bus service time 
distribution. He developed a model taking into account the 
bus arrival pattern via variations in bus headways to 
estimate the capacities of isolated curbside bus stops. 
According to the authors, this model can be used to predict 
the amount of variation in bus headways and bus service 
times that can diminish the stop capacity [10]. To further 
this research, Gu modelled the bus stop capacity using the 
number of berths, variations in bus headways and 
allowable bus flows [11]. 

Hisham developed an approach towards capacity 
estimation considering influence of traffic blockage, 
interference between buses and signalized intersections. 
The proposed modified model provides a greater 
understanding of bus stop operation based on Quality of 
Service Manual (TCQSM, 2013), which is useful to transit 
analysts in improving bus stop operations and providing 
better service reliability [12]. Matias Navarro proposed a 
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model for estimating the capacity of curbside bus stops on 
bus corridors, which measures the level of service using the 
queue time as a metric. They considered the effects of 
overtaking lanes and downstream traffic lights. The 
capacity is influenced by the number of berths, the 
locations of bus stops along a street block, and the 
implementation of overtaking lanes [13]. Wang Chao 
proposed a method for estimating the capacity of bus stops 
isolated from the influences of traffic signals and other bus 
stops. Stochastic queuing models for both single-berth and 
multi-berth stops were developed to estimate the bus stop 
capacity and bus delay time [14]. Due to the complexity of 
the problem, most of these early studies did not involve the 
relationship between blockage probability and queue. Yet, 
above papers do little to quantify these influences. 

Bus stop operation simulation software has also 
addressed the problem of capacity estimation. Gibson 
presented IRENE [15]. The simulation program analyzes 
bus stop capacity. Based on boarding and alighting 
passengers, the number of berth, the bus size, and bus 
arrivals, the output variables are the capacity, queue 
waiting time and dwell time. This approach considers an 
isolated bus stop with multiple-berths and an overtaking 
discipline for curbside bus stop. Under these conditions, a 
bus can enter the stop area only if the upstream berth is free. 
The stop area can be distinguished as being in two states: 
unblocked and blocked. Fernandez presented the 
PASSION system. The simulation program defined 
different routes of public transport that can have 
heterogeneous demands. By analyzing four different types 
of bus stop exits, the bus stop capacity is estimated. 
PASSION is developed as part of broader studies on the 
interactions between buses, passengers and traffic at bus 
stops [16]. 

There are overtaking rules and bus queue disciplines in 
this literature. Among the driving maneuvers, bus 
overtaking is one that is commonly observed in real life. 
Such a phenomenon can take place between stops or at bus 
stops. 

Overtaking rules were discussed in 1974 by Bly & 
Jackson. The mean passenger waiting time was decreased 
by 1.14% by the simulation of a particular bus route [17]. 
Regarding bus queue disciplines, it is widely believed that 
when all other factors are equal, an allowable overtaking 
strategy always provides a higher allowable bus flow than 
does a NOP stop [18, 19]. Golshani considered the 
relationship between three different patterns and the 
waiting time. When overtaking is prohibited, a trailing bus 
has to spend some idle time waiting behind a late bus. It is 
well known that a late bus becomes increasingly late, and 
as a result, bunching will tend to affect the buses behind, 
making a larger bunching effect. If overtaking is allowed, 
both types of buses spend less time at stops, since in 
general, there is no idle-wait time, and hence, the journey 
time should be shorter. The three different patterns are 
neither overtaking nor queue sharing permitted, overtaking 
prohibited but queue sharing permitted, and overtaking 
permitted [20]. The above papers focused on the 
relationship between the waiting time and overtaking rules, 
and the capacity is an important factor affecting the 
operational reliability and has not been considered, e.g. 
overtaking principles, berth, arrival time and dwell time. 

In the study, the impacts of NOP and AOP capacity 
principles due to blockage probability at a stop are 
analyzed. 

 
3 METHODOLOGY 

 
This section presents the models and analysis methods. 

The capacity model is described according to three key 
components of a curbside bus stop: the size of the berth, 
the bus behavior, and the bus arrival and service times. A 
probabilistic model is developed to estimate the minimum 
arrival time and maximum service time under the AOP. 

The bus stop capacity is dependent on the single-berth 
and multi-berth capacities of the HCM. The number of 
buses that can be served depends on the dwell time, which 
represents the average amount of time a bus is stopped at 
the curb to allow passenger movement, including the time 
required to open and close the doors. Another important 
factor is the behavior of the bus at the upstream berth 
specifically, whether or not it can overtake downstream 
buses. The third factor is the bus arrival time and service 
time at the berth, which are defined as the blockage 
probability indicating that one bus will arrive upstream of 
the waiting area while another bus is already occupying it. 
The combination of these three factors determines the 
capacity of the buses occupying the loading area.  

In the highway capacity manual HCM2000, in chapter 
27, the estimated capacity of a single bus stop is calculated 
as follows [6]: 
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       (1) 

 
where, BS is the capacity of an on-street bus stop, 

buses/h; g is the green plus amber time at a downstream 
traffic signal, s; d is the cycle time at the downstream traffic 
signal, s; tc is the clearance time between successive buses, 
s; td is the passenger dwell time at the bus stop, s; cv is the 
coefficient of variation of the passenger service time, s; Za 
is the one-tail variant of the normal distribution associated 
with the probability that a queue will not form behind the 
bus stop; and Neb is the effective number of berths out of 
actual berths. 

 
3.1 Capacity Considering NOP and Blockage Probability 

 
The NOP for bus queuing involves systems with 

loading areas, i.e., a bus can use any empty berth without 
being blocked by buses that are occupying downstream 
berths. The efficiency of a berth area mainly depends on 
the dwell time of buses in the first berth. Upon reaching an 
upstream area at a stop, a bus will enter the stop when the 
first upstream berth is vacated, advance until encountering 
either an occupied berth or the most downstream berth of 
the stop to serve the boarding and alighting passengers, and 
eventually re-emerge in the community traffic flow. For a 
NOP bus stop, the following principles should be obeyed: 

(1) Buses at an upstream berth (i.e., the first berth) are 
not allowed to overtake other buses dwelling at a 
downstream berth (i.e., the last berth) to exit the stop, as 
shown in Fig. 1 and 
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(2) A queued bus cannot overtake any downstream bus 
to enter an empty berth. 

 
3.1.1 Overflow and Interlocking Probability for Multiple  

 Berths 
 
Bus overflow and the interlocking phenomenon may 

frequently lead to blockage at a curbside bus stop. Bus 
overflow is focused primarily on isolated bus stops, so bus 
operations are usually not affected by community vehicles 
and traffic signals. The interlocking phenomenon occurs at 
isolated bus stops where bus operations are indeed affected 
by the community traffic flow, as shown in Fig. 1. 

The overflow of a bus stop may be attributed to the 
queue waiting in upstream areas and buses dwelling in the 
downstream areas, including service buses. A critical issue 
to be solved for isolated bus stops is instances in which bus 
operations are not affected by upstream stops and the 
community traffic flow. In the NOP scenario, the dwell 
time at the most downstream stop exceeds the service times 
in the other berths. 
 

Loading area
Vehicle

Stopping in the berth

Traveling

Waiting

first berth c-th berth

Waiting area

Figure 1 Illustration of the loading areas and bus statuses for the NOP 
 

To clarify this problem, a set of variables describing the 
vehicle on this single route are defined. qb is the waiting 
buses in the upstream area; n is arrival buses; E(n) is 
average arrival buses; po is the maximum probability 
threshold of overflow; c is the number of berths of the 
curbside bus stop. 

To introduce the overflow, we will discuss the 
operational issue with ac-berths bus stop. 

Assumption: 
(1) No empty berth awaits the arrival of a bus, and all 

berths are busy. 
(2) There are more than c arrival buses n(n > c) are 

waiting in the upstream area. 
(3) The first bus at the c-th berth accelerates away from 

the berth, permitting the subsequent bus to 
enter the berth. Fig. 1 illustrate the stages of bus stop 
operations. 

During the arrival of the bus in turn, the berth is 
entirely occupied and a queued bus waits to enter the 
stopping area, making overflow occurrence a certainty. An 
upper partial moment (UPM) concept [21] incorporates 
this aspect into the blockage probability constraints. It is 
demonstrated in appendix A. 

The maximum probability threshold of overflow in the 
upstream berth is expressed by the following equation: 
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For a continuous case, where, t is a reference level of 

variable n; α is a constant greater than zero, and α = 1. 
Under highly congested scenarios, the dwell time can 

be very long due to the difficulty of finding an acceptable 
gap, which not only causes significant delays but also 
results in bus stop capacity issues (because the waiting area 
is occupied; thus, arriving buses cannot enter the loading 
area).The interlocking phenomenon of the bus stop may 
affect the bus inflow and even the bus discharge flow. It is 
the result of super saturation of the loading area and is an 
extreme phenomenon of road saturation. Interlocking 
blocks the buses in the upstream area and the traffic flow 
in the adjacent lane, reducing the capacity of the stop 
section. When overtaking is not allowed, the phenomenon 
occurs due to the arrival of a number of vehicles, forming 
a long queue beyond the designed length of the stop and 
occupying the adjacent motorway. The phenomenon of 
locking is the result of over-saturation in the area, which 
causes delays of public transport vehicles, reduces the 
traffic capacity of the adjacent motor vehicle lane, and 
causes the buses and other community vehicles to obstruct 
each other to form a "bottleneck" in the road section, as 
shown in Fig. 2. The interlocking phenomenon may occur 
mainly in heavily congested scenarios, which may lead to 
more blockage of traffic occurring in the lane next to the 
shoulder (the queue also affects the buses entering the stop). 
The bus at the berth remains there waiting for an available 
gap in the traffic stream. 

 

Stopping area

Vehicle

Stopping in the berth

Waiting

Figure 2 Interlocking between buses and vehicles 
 

When there is an acceptable gap, the bus in the 
downstream-most berth will merge into the traffic flow of 
the adjacent lane.  

Thus, the probability of interlocking for a curbside bus 
stop is expressed by the following equation: 
 

1
a b.p(h )

q
            (3) 

 
where, η is the probability of interlocking; τb is the critical 
headway between vehicles and the bus in the last berth, s; 
and ha is the headway of the traffic in the lane next to the 
shoulder between the bus in the most downstream berth 
and community vehicles, s. 
  



Tian LUO, Jingshuai YANG: Estimating the Capacity of a Curbside Bus Stop with Multiple Berths Using Probabilistic Models 

1600                                                                                                                                                                                                    Technical Gazette 27, 5(2020), 1597-1606 

3.1.2 Capacity for a NOP Bus Stop 
 
For a NOP stop with berths, let T(c) = max{sn}, n = (1, 

2, …, c) be the service time of a bus in the upstream berth, 
where Sn is the service time of the n-th bus on the last 
upstream berth. 

All Sn values are independent variables, and the 
distribution function is Fs(t) [11]. We have: 
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The rate at which buses discharge from the NOP stop 

[11], QNO in buses/h, is defined as follows: 
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The capacity of the NOP stop based on the overflow 

probability, CNO, buses/h, is: 
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The capacity of the NOP stop based on the interlocking 

probability, NOC , buses/h, is: 
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3.2 Capacity Considering AOP and Blockage Probability 

 
We first consider the AOP. A bus can enter a stop freely 

when its curb lane is accessible and the first berth is not 
occupied. Buses in an upstream berth are allowable to 
overtake other buses dwelling in a downstream berth to exit 
the stop. A queued bus may overtake any downstream bus 
to enter an empty berth based on the traffic flow of the curb 
lane. The principle of prioritized arrival for the buses is first 
come, first served (FCFS), wherein serviced buses leave 
the stop. Under the AOP, a bus can reach the loading area 
as long as there is a vacant berth. According to queuing 
theory, the bus arrival and departure behaviors are in 
accordance with the overtaking principle, followed by the 
FCFS principle for a for multi-servicer. The probability of 
forming a long queue and overflow phenomenon is lower 
over a long period of time for the AOP than for the NOP. 

In this paper, we propose reconsidering the queue 
theory model (e.g., M/M/c) [22], during which we model 
and simulate the blockage probability with the objective of 
evaluating the bus stop capacity. 

The M/M/c is a variation of the classical queue in 
which the service is provided by c berths operating 
independently of each other to achieve the AOP and an 
accessible curb lane. This modification is natural since if 
the mean arrival rate is greater than the service rate, the 
system will not be stable, indicating that the number of 
berths should be increased. 

The system stability condition [23] is: 
 

1c c c
 


             (9) 

 
where, λ is arrival bus intensity; μ mean service time on a 
certain berth, n is arrival bus; ρ is service intensity; ρc is 
service intensity per berth. p0 is the probability of no any 
bus. pn is the probability that at least n buses in loading 
areas. 
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Since blocking occurs only when n c  according to 

Eq. (11) and Eq. (12), the blockage rate ps is: 
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The rate at which discharge from the AOP stop is: 

 

AO
c

Q
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                 (14) 

 
where, S is the service time in seconds, s. 

The capacity of an AOP stop, AOC , buses/h, is defined 

as follows: 
 

 AO AO
AO

3600
+ 1s s sC p Q B p

T
              (15) 

 
where, TAO is the time per cycle in second, s. 
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Considering blockage probability, the capacity of an 
AOP stop is estimated based on queue model. 

 
4 ANALYSIS  
4.1 The NOP Performance of a Multi-Berth Stop 
 

The threshold of the blockage probability ranges from 
the loading demands of 100 to 600 buses/h, as shown in 
Fig. 3. When the arriving buses follow a Poisson 
distribution, the stopping demand is less than 400 buses/h, 
and the capacity increases upon adding berths. When the 
loading demand is more than 400 buses/h, the stop is in a 
high-load state, which is associated with heavy congestion 
scenarios. At the same time, due to the NOP, the bus dwell 
time in the first upstream berth affects the subsequent 
queuing buses; thus, the effective utilization of the berth is 
smaller. 

To show the effect of adding berths, the maximum 
threshold value of the blockage probability versus the 
number of berths is shown in Fig. 3. The maximum 
threshold decreases with additional berths. Therefore, 
congestion may be alleviated by increasing the number of 
berths according to the significant change of the blockage 
probability. However, the maximum threshold does not 
change significantly when the demand is more than 400 
buses/h. Upon adding berths in this case, the resulting 
effect does little to ease the blockage problem. 
 

 
Figure 3 Threshold of the blockage probability  

 
4.2  The AOP Performance of Multiple Berths 

 
When the arriving buses follow a Poisson distribution, 

the service time follows a negative exponential distribution 
according to the number of different berths, the impact of 
the average arrival time on the blockage probability, and 
the impact of the average service time on the blockage 
probability analysis. 

 

 
Figure 4 Arrival time versus blockage probability for a multi-berth bus stop 

Fig. 4 shows the blockage probability versus the 
average arrival time to further illustrate the effect of adding 
berths to a curbside stop. The variable block_th represents 
theoretical value of the blockage probability. The other 
lines and symbols represent the simulated results. Fig. 4 
shows that the blockage probability decreases with 
increasing arrival times. Comparisons between the 
simulated values and theoretical values indicate that the 
bus stop service level decreases the stop’s blockage 
probability in serving buses.  

Assume that the number of buses arriving during peak 
hours is 150 buses/h. The average arrival time with added 
berths is less than 36 s, 28 s and 17 s for c = 2, 3 and 4, 
respectively, and the blockage probability decreases 
considerably. When the arrival time is more than 36 s, 28 s 
and 17 s, the change in the blockage probability tends to be 
gentle. The simulated trend is consistent with the trend of 
the theoretical blockage probability. 

The dwell time and blockage probability of the stop 
increases with increasing service times. 

Meanwhile, the average service time with added berths 
is more than 9 s, 17 s and 29 s for c = 2, 3 and 4, respectively, 
and the blockage probability increases considerably in Fig. 
5. The simulated trend of the blockage probability agrees 
with that calculated by the AOP model. 

 

 
Figure 5 Service time versus blockage probability for a multi-berth bus stop 

 

 
Figure 6 The AOP capacity and arrival time for a multi-berth stop 

 
The average arrival time is less than 40 s, 30 s and 20 

s upon adding berths, and buses in the first upstream berth 
wait in the queue for service. Therefore, the capacity 
increases with the increase of the arrival time. When the 
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arrival time is greater than 40 s, 30 s and 20 s, the capacity 
changes tend to be stable and can meet the demand, no 
longer resulting in long queues in Fig. 6. The maximum 
capacity drops are 7.5%, 6.1% and 5.2% for 2, 3 and 4 berth 
stops that are lower than the HCM theoretical capacity. It 
is reason for considering blockage probability based on 
HCM model and principles. 

The average service time with added berths is more 
than 9 s, 17 s and 29 s for c = 2, 3 and 4, respectively, the 
capacities are reduced by 5%, 15.2% and 6.6%, the entire 
system is in a high-load state, and the bus waits and queues 
to enter loading area. Therefore, the arrival time is more 
than 36 s; and the service time is less than 9 s for a 2-berth 
stop; the arrival time is more than 28 s; the service time is 
less than 17 s for a 3-berth stop; and the arrival time is more 
than 17 s and, the service time is less than 29 s for a 4-berth 
stop in Fig. 7. The capacity can meet the service demand 
for a multi-berth curbside stop.  

 

 
Figure 7 The AOP capacity and service time for a multi-berth stop 

 
The capacity of stops was analyzed under the NOP and 

AOP. The capacity of every stop varies considerably due to 
the impact of the stopping demand, accommodating routes 
and bus lane style. 

 
4.3 Selection of the Loading Principle Based on Demand 
 

The AOP are influenced by factors, such as the 
capacity of the stop and curb lane, the number of buses 
arriving, internal congestion that occurs for different 
reasons, upstream queues and the number of serviced buses 
that have completed loading. Meeting these requirements 
enables supporting many arriving and stopping patterns of 
buses, as well as different exit conditions. For example, 
constant headways, critical headways, scheduled arrivals, 
the service of several lines with different frequencies, and 
bus bunching can be supported. In addition, the exit from 
the loading area can be completely free or partially 
obstructed by traffic conditions [24]. The exit can be 
controlled by blockage during certain times due to other 
buses ahead or in the curb lane. 

Everything-has-two-coins. At the expense of high 
costs, it is not efficient or economic to build bus stops with 
more than three berths for high frequency buses [16]. 
Therefore, increasing the number of berths (c > 3) is not an 
effective way to improve the capacity for the NOP or the 

AOP. For multi-line buses arriving at a stop, stopping is 
determined based on whether the maximum capacity of the 
stop satisfies the stopping demand (Ns) of multi-line buses. 
Fig. 8 shows the flowcharts of the selection of the AOP, 
NOP and bus stop type.  

The stopping demand exceeds the NOP capacity and 
HCM capacity, the congestion can be relieved by 
increasing the number of berths when c < 3. When the 
demand is greater than the AOP capacity and Ts ≤ ha, the 
average headway of the adjacent lane allows the buses to 
cross at the downstream berth when they leave the stop. 
That is, the AOP is adjusted to increase the capacity by 
adding berths for c < 3. 
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Figure 8 Selection of the overtaking principles flowchart 
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Figure 9 Recommended layout for divided bus stops 
 

Table 1 Demand and supply capacity during peak hours for a curbside stop 

   Stop 
number 

Bus 
priority 

lane 
Berths Routes 

Demand 
/ buses/h 

HCM 
capacity 
/ buses/h

NOP 
capacity 
/ buses/h

1 No 2 13 100 86.7 58.3 
2 No 2 11 84 79.3 57.6 
3 No 3 23 178 118 87.3 
4 No 2 17 131 92.4 63.2 
5 No 2 28 216 89.9 62.4 
6 Yes 3 35 269 143 99.7 

 
When the demand for multi-line buses is greater than 

the AOP capacity, there are two methods for alleviating 
congestion and satisfying the demand for stopping. The 
first method depends on the road traffic flow, number of 
lanes, and length of allowable loading area. At peak times, 
an overtaking lane should be established. Second, when the 
current motorway cannot satisfy the capacity of 
community vehicles, the capacity can be increased by 
increasing the number of berths when using the AOP for c 
< 3. The number of berths is not less than 3, if the time 
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during which the bus in the upstream berth completes its 
service is less than the time spent in the outbound 
motorway, the bus in the upstream berth can leave the stop 
with the downstream bus. According to the loading demand 
and length of the loading area, curbside bus stops with 
multiple berths should be reconstructed into divided stops 
or tandem stops [25], as shown in Fig. 9. Bus stops 
constitute one potential interruption to smooth traffic flow, 
as this could easily affect buses. Therefore, the benefit of 
bus lanes and other priorities to offset the effects of traffic 
congestion are obvious [26]. So we need to see how we 
should examine bus stops for their impact on bus 
operations.  
 
5 CASE STUDY 
 

We studied 6 curbside bus stops with larger numbers 
of passengers and buses, with no bus priority lanes in stops 
from NO.1 to NO.6. The 6 stops are curbside stops with 
high passenger flows and a bus lane. Throughout the 
investigation, no buses were allowable to overtake a bus in 
the berth. 

As shown in Tab. 1, Eq. (1) estimates a higher capacity 
than that achieved under the NOP. Considering the 
blockage probability and overtaking principle, the results 
indicate a higher capacity than that calculated using Eq. (7), 
indicating that the NOP has a negative influence on the 
capacity. Under the AOP, the arrival time, service time and 
capacity of two and three berths for six stops were analyzed, 
as shown in Figs.10, 11, 12 and 13. 

 

 
Figure 10 The AOP capacity versus arrival time for 2-berth stops 

 

 
Figure 11The AOP capacity versus arrival time for 3-berth stops 

 

 
Figure 12 The AOP capacity versus service time for 2-berth stops 

 

 
Figure 13 The AOP capacity versus service time for 3-berth stops 

Assuming that the traffic flow of the curb lane allows 
the bus in an upstream berth to pass the buses in the 
downstream berths, then the threshold values of the 
minimum arrival time and maximum service time of the 
bus such that the bus stop does not cause congestion under 
ideal conditions can be obtained. When these two 
thresholds are exceeded, the stops become prone to 
congestion, resulting in significant reductions of capacity. 

The analysis of the AOP indicates that 20% is the point 
at which the highest rate of change in the congestion 
probability occurs. Taking a congestion probability of 20% 
as an example, the minimum arrival interval and maximum 
service time thresholds are shown in Tab. 2. 

It is assumed that these stops allow overtaking in an 
ideal road environment to analyze the capacity. The 
following conclusions can be drawn from the comparison 
of the arrival time, service time and maximum service time 
with a congestion rate of 20%: 

(1) For the NO.1, NO.2 and NO.3 stops, if the service 
time of the vehicle is within the mean value of the service 
time, the congestion rate does not exceed 20%, the 
operating conditions of the stops are good, and the 
overflow phenomenon of long upstream queues rarely 
occurs. 

(2) For the NO.4, NO.5 and NO.6, the mean service 
time is greater than the maximum service time. Therefore, 
the stop capacity cannot meet the demand, and congestion 
is likely to occur. 

(3) For two-berth stops, when the bus arrival time is 
less than 13 s, the capacity is at a minimum, and the entire 
stop is highly loaded and prone to congestion. For the three 
berths at NO.3 and NO.6, when the arrival interval is less 
than 9 s, the traffic capacity is the smallest and the stops 
are at full capacity, causing congestion. 

(4) With an increase in the arrival time, the traffic 
capacity gradually increases, and the change in traffic 
capacity tends to be stable when the average arrival times 
of stop 1, stop 2 and stop 4 reach 27.1 s, 27.3 s and 30.1 s, 
respectively. The arrival time of NO.5 is longer than 35.7 
s, and the change in the capacity of the terminals stabilizes. 

(5) For the three-berth stops, at which are NO.3 and 
NO.6, more than 20% traffic congestion will easily occur 
when the arrival times are less than 17.4 s and 18.1 s, 
respectively. 

The analysis of six high-passenger flow stops is carried 
out to determine the demand of the stop, and the effective 
utilization rate, capacity and delay of the berth under the 
existing stop demand conditions are analyzed. 

The berths of NO.5 and NO.6 are less efficient 
according to the analysis of the effective number of berths. 
Analysis of the traffic capacity shows that NO.3, NO.5 and 
NO.6 have high demands. The arrival time interval is small, 
and the reduction of the traffic capacity is greater. The 
NO.1 to NO.6 stops have high demands for docking, 
exceeding the capacity. 

Therefore, the following solutions are proposed to 
improve the capacity. 

(1) From the perspective of service level, the number 
of berths should be increased appropriately to reduce the 
waiting times of the vehicles in the upstream area. 

(2) Since there is a bus lane at NO.6, adopting the AOP 
when the road conditions permit is recommended, so that 
the traffic capacity will be significantly greater than the 
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traffic capacity of overtaking, which can be up to 11.2%. 
For stations that do not have a bus lane, using the principle 
of allowing overtaking in cases where the outside lane has 
a large headway and road conditions permit is 
recommended. 

(3) From the perspective of bus dispatching, 
controlling the arrival times and departure times of vehicles 
in one or multiple lines and allowing certain vehicles to let 
other buses to enter and leave the stop if road conditions 
permit is recommended to minimize situations in which the 
buses arrival interval is too small. 

 
Table 2 The minimum arrival time and maximum service time for non-congestion 

under the AOP 

Stops 
Demand 
/ buses 

Average 
service time / s 

Minimum 
arrival time / s 

Maximum 
service time / s 

1 100 19.8 27.1 27.1 
2 84 20.2 27.3 31.7 
3 178 24.0 17.4 30.6 
4 131 21.7 30.4 21.3 
5 216 26.4 35.7 14.9 
6 269 23.6 18.1 20.3 

 
6 CONCLUSION AND FUTURE WORK 
6.1 Conclusion 

 
It is essential to estimate capacity of a curbside bus 

stop for its operation, reliability and performance. 
Formulas are developed to predict the capacity, minimum 
arrival time and maximum service time for curbside bus 
stops according to the stopping principle while still 
maintaining the target service levels. The models can also 
be used to determine a stop’s suitable stopping principle 
and the number of berths required to achieve a higher 
service level. The formulae use the blockage probability, 
which is modeled considering the NOP and AOP at 
curbside stops. Exact solutions were derived using the 
HCM model and a blockage probability model of the two 
disciplines. The model results corresponded well with the 
simulation results from the computer program constructed 
in the MATLAB environment. As a practical matter, our 
models offer improvements to evaluate bus stop capacities 
considering blockage probabilities and principles. Further, 
the models can be used to predict other parameters of a bus 
stop service level, such as the queue length, delay and 
loading area size at a stop.  

This paper proposed two blockage probability models 
for the NOP and the AOP by explicitly taking real-life 
features into account. The key contribution of the NOP 
probability model is the formulation of capacity that 
considers the overflow of upstream waiting buses and 
subsequent interlocking at downstream berths at the same 
time. To allow for overtaking while minimizing the waiting 
time in the upstream area, we proposed a capacity model 
on a first-come-first-served and first leave principle to be 
combined with queue models, the blockage probability and 
the bus stop capacity in HCM. 

We tested the performances of different combinations 
of berths and blockage models under various operational 
settings in the MATLAB simulation environment. The 
experiments underlined the importance of the introduced 
effects of the NOP and the AOP by revealing the 
performance improvements that had not been described in 
the literature previously.  

We find that the maximum threshold decreases with 
adding berth for NOP. Therefore, congestion may be 
alleviated by increasing the number of berths according to 
a significant change of blockage probability. However, the 
maximum threshold does not change significantly when 
the demand is more than 400 buses/h. With adding berth, 
the effect does little to ease the blockage problem. AOP 
among buses decreases dwell time and improves service 
regularity, and the benefit is greater when loading demand 
is higher and the blockage probability of change is the 
highest.  

Finally, we verify the effectiveness of the proposed 
methods through a case study in a real bus line in Xi’an 
City, and the results suggest that the new strategy is most 
beneficial for the high frequency transit service. Another 
interesting finding is that the congestion can be relieved by 
increasing the number of berths (c < 3), when the stopping 
demand is greater than the NOP capacity and HCM 
capacity. Vehicles overload on adjacent lane, so the 
capacity can be increased by increasing the number of 
berths when using the AOP for c < 3. The loading demand 
is greater than predictive value on AOP capacity. 
Considering road section cross, traffic flow, loading space, 
sidewalk and buildings it is recommended to establish a 
variable bus priority lane for peak time.  It is recommended 
to transform the curbside to a divided stop or tandem sub-
stops for c > 3. Bus lanes and other priorities to offset the 
effects of traffic congestion are available. 
 
6.1 Future work 
 

This work is meant to model and illustrate the effects 
on capacity considering the blockage probability, berth, 
NOP and AOP for curbside bus stops. Assumptions can be 
relaxed to developing better, more realistic analytical 
models for bus stops. The work can be extended to stops 
that are affected by the limited overtaking principle (LOP). 
We are particularly interested in the results that would be 
obtained from these proposed models, e.g., road cross 
sections, bus stop types, stopping principles (NOP, AOP 
and LOP), random arrivals and dwell times that affect a 
stop's allowable bus flow. Considering such factors would 
require replacing constants with random parameters. 
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Appendix A 
 

A UPM is defined as 

( , ) ( ) ( ),i i it x t f x x t      

For a discrete case, or 

( , ) ( ) ( )dtt x t f x x     

For a continuous case where t is a reference level of 
variable x, α is a constant greater than zero, f(xi) is a relative 
frequency function, and f(x) is a probability density 
function.  
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Pr( ( , )) (1 / )x t p t p      

With  1/
( , ) ( , ) 0t t

     and ( ) / ( , )p g t t   , where 

g is standard set for variable x. Using the above equation,
* ( , )t q t g    is sufficient to guarantee that

*Pr( ) (1/ ) (1 / )x g p q    . 

 
Notations 
 
Symbol Description 

Bs the capacity of an on-street bus stop, buses/h 
d the cycle time at the downstream traffic signal, s 
tc the clearance time between successive buses, s 
td the passenger dwell time at the bus stop, s 
cv the coefficient of variation of passenger service time, s 

Neb the effective number of berths out of actual berths 
qb the waiting buses in the upstream area; 
n arrival buses 

E(n)  average arrival buses 
po the maximum probability threshold of overflow 
c the number of berths of the curbside bus stop 
η the probability of interlocking 

τb 
the critical headway between vehicles and the bus in the last 
berth, s 

ha 
headway of the traffic in the lane next to shoulder between 
bus in the most-downstream berth and community vehicles, s 

Sn the service time of the n-th bus on the last upstream berth, s 

CNO 
the capacity of the NOP stop based on the overflow 
probability, buses/h 

NOC   
the capacity of the NOP stop based on the interlocking 
probability, buses/h 

λ Mean arrival bus intensity, bus/min 
μ mean service time on a certain berth, bus/min 
ρ service intensity 
ρc service intensity per berth 
p0 the probability of no any bus 
pn the probability that at least n buses in loading areas 

QAO the rate at which discharge from the AOP stop,buses 
ps the blockage rate for AOP 
S the service time, s 

CAO the capacity of an AOP stop, buses/h 
TAO the time per cycle, s 
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