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To study the influence mechanism of dedicated bus lanes on the urban road network, this paper proposes a novel analytical model
of macroscopic fundamental diagram (MFD) and passenger macroscopic fundamental diagram (p-MFD) and the corresponding
indicators based on MFD and p-MFD to evaluate the operation of the network. Taking the grid network as an example, this paper
collects traffic flow to calibrate the developed MFD and p-MFD and evaluates the network performance under different pro-
portions of dedicated bus lanes. (e simulation results show that the larger the proportion of dedicated bus lanes, the greater the
impact on the rising section and the stable section of MFD and the descending section and post-stable section of p-MFD. Further
analysis for the sensitivity of simulation experiments found that the strategy of setting dedicated bus lanes will improve the
efficiency of vehicle and passenger transport when the road network is in a smooth state and ensure the continuous output of
passengers when the network is in a congested state.

1. Introduction

(e increasing number of vehicles causes the traffic demand
for the road network in cities to increase rapidly, and
corresponding traffic congestion in many cities is serious.
(e transit priority strategy of setting dedicated bus lanes
plays an important role in improving bus operating effi-
ciency and the level of service. (e dedicated bus lane is an
economical implementation method to improve the level of
public transport service and ease the pressure of urban traffic
[1]. A large number of cities in the world have implemented
dedicated bus lanes to promote public transport. By the end
of 2019, the total length of dedicated bus lanes in China was
14,951.7 km [2]. (e planning and implementation of
dedicated bus lanes aim to optimize the allocation of road
resources in urban cities and improve traffic conditions for
bus priority [3, 4].

(e implementation of dedicated bus lanes has a certain
degree of impact on road network traffic. A comprehensive
evaluation of dedicated bus lanes is a necessary step to
analyse the feasibility and benefits of its implementation that
concerns the trade-off of the benefits of public and private

transport in the urban road network. Urban transport
systems should meet the travel needs of urban residents.
(erefore, when setting up dedicated bus lanes, the impact
on the vehicle transport and passenger transport of urban
road networks should be comprehensively considered.
Moreover, the benefits of dedicated bus lanes are related to
the traffic state of the urban road network. In order to
determine the effect of setting up dedicated bus lanes, it is
important to propose a group of indicators to analyse the
overall performance of the road network, which are helpful
capture the impact of dedicated bus lanes on the urban road
network and understand how it will change with the varying
traffic status.

In recent years, the latest trend in the study of urban road
network transport is to use the macroscopic fundamental
diagram (MFD) to model and analyse urban-scale road
network traffic. Daganzo proposed the concept and basic
description of the MFD of the urban network in 2007 and
verified the existence ofMFD using traffic simulation [5] and
empirical data [6]. (rough the analysis of MFD, Daganzo
[7] found that MFD is an inherent attribute of the road
network itself, and it remains unchanged when traffic
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demand changes. (e basic curve of MFD is a parabola.
However, in the actual analysis, it is often simplified to a
triangle or trapezoid [8]. MFD not only reflects the general
relationship between network traffic flow and network
operation level but also describes the relationship between
the number of vehicles in the road network and the output
flow of the road network [9]. However, the MFD can only
express the performance of vehicles in the transport system
but not consider the average number of passengers of each
transport mode.

In order to improve the concept of MFD, Zheng [10] and
Nicolas [11] proposed the concept of passenger macroscopic
fundamental diagram (p-MFD) to evaluate the passenger
transport capacity of the multimodal urban network with
cars and buses. (e existence of MFD [9, 12–15] and p-MFD
[16] has been verified by the empirical data of urban road
networks around the world. As the inherent attributes of the
road network, MFD and p-MFD, respectively, indicate the
relationship between the density of vehicles in the road
network and the output flow of vehicles of the road network,
and also the relationship between the density of vehicles in
the road network and the output flow of passengers of the
road network. (ey help to evaluate the performance of the
urban multimodal network. In recent years, MFD has been
extensively studied and applied, including model formula-
tion [17, 18], optimization [19–22], traffic control [23, 24],
and perimeter control [25, 26].

Most previous studies of the impact of dedicated bus
lanes on MFD and p-MFD mainly focus on data sources,
modelling methods, analysis factors, and the impact on
road network transport. In terms of data sources, MFD can
be obtained through traffic software simulation [27–30],
theoretical model [3, 10, 31], and empirical data [12, 16],
and p-MFD can be derived by fixed passenger occupancy
rate [30], estimating passenger occupancy rate
[3, 11, 12, 16, 28] or using theoretical models [32] on the
passenger occupancy rate of each transport mode in the
multimodal urban road network. Most previous studies of
the impact of dedicated bus lanes on MFD and p-MFD
focus on theoretical road networks [3, 10, 11, 31] or actual
road networks [12, 16, 27–30, 32]. In terms of modelling
methods, the existing modelling methods of MFD and
p-MFD include scattering plot method [10, 12, 16, 28–30],
contour map (3D-MFD) [12, 16, 19, 20], measured or
simulated data fitting method [16, 27, 28], and analytical
model method [3, 11, 32]. (e literature review on the
impact of bus lanes on MFD and p-MFD is summarized in
Table 1.

Although existing literature has found that dedicated
bus lanes have a certain impact on the road network MFD
and p-MFD, they pay more attention to the changes in
shape and the maximum value of MFD and p-MFD under
different conditions. Limited attention is paid to propose
comprehensively a group of indicators for urban road
networks based on MFD and p-MFD and use them as the
basis to study the influence of dedicated bus lanes on the
operation of the road network under different conditions of
the road network, regarding vehicles and passengers,
respectively.

Microcosmic traffic evaluation indicators only focus on
traffic operations of a certain road section or under a certain
network state. (rough in-depth study of MFD and p-MFD,
the road network can be viewed as a whole, and the traffic
state under different conditions can be evaluated. Com-
paring microcosmic traffic evaluation indicators, MFD-
based indicators can more fully reflect the transport effi-
ciency, capacity, and reliability of the road network under
different conditions at the network level.

(erefore, this paper proposes a novel description and
modelling methods of MFD and p-MFD based on the
Gaussian mixture model (GMM). (e indicators based on
MFD and p-MFD are proposed to analyse comprehensively
the operation of the road network. (is methodology is
suitable for various urban networks, which can be extended
to multiple modes (cars, buses, etc.) to evaluate the efficiency
and other aspects of the urban network from vehicles and
passengers’ perspectives. (is paper takes the grid network
as an example and uses traffic simulation to obtain the traffic
data when the proportion of dedicated bus lanes is changed.
(e characteristic parameters of MFD and p-MFD are
analysed in detail to study and summarize the impact
mechanism of dedicated bus lanes on the urban network and
to support and expand existing research on the impact of
dedicated bus lanes on MFD and p-MFD.

2. Analytical Framework Based on MFD
and p-MFD

2.1. Description of Macroscopic Fundamental Diagram.
MFD (macroscopic fundamental diagram) is composed of a
series of scattered points, which are from the empirical or
experimental data at a certain time interval Δt during the
operation process of the urban road network. In this paper,
MFD takes the vehicle density in the road network K (veh/
km/ln) as the abscissa and the vehicle flow leaving the road
network Q (veh/ln/h) as the ordinate. According to the
definition of MFD, the relevant parameter calculation
equation is as follows:

q(t) � q(t − Δt) + q
i
(t) − q

o
(t), (1)

Q(t) �
q

o
(t) · 3600
Δt · N

, (2)

K(t) �
q(t)

L
, (3)

where Δt represents the time interval for data collection (s),
q(t) denotes the number of vehicles running in the road
network at time t (veh), qi(t) is the number of vehicles
entering the road network at time t (veh), qo(t) represents
the number of vehicles leaving the road network at time t

(veh), Q(t) means the flow of vehicles leaving the road
network at time t (veh/ln/h), N represents the total number
of exit lanes of the road network (ln), K(t) represents the
density of running vehicles in the road network at time t

(veh/km/ln), and L denotes the total length of lanes in the
road network (km).
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Using network traffic empirical or experimental data,
according to equations (1)–(3), a scatter diagram of MFD
can be obtained as shown in Figure 1. In-depth research
found that in the complete road network MFD, as the
density of running vehicles in the road network K increases
from 0, the flow of vehicles leaving the road network Q has a
significant upward, stable, and downward trend. (en, Q

drops to the minimum value Qmin since the downtrend
occurred. As K continues to increase, Q maintains fluctu-
ations within a certain range above and belowQmin. IfQmin is
obviously greater than 0 at this time, it means that there are
still a small number of vehicles in the road network that can
leave the road network, such as the vehicles near the exit of
the road network. If Qmin is close to 0 at this time, it means
that the road network has a deadlock and the majority of
vehicles on the road network cannot leave the road network.

2.2. Description of Passenger Macroscopic Fundamental
Diagram. (e concept of the p-MFD is proposed to eval-
uate the passenger transport capacity of the multimodal
road network in this study. Cars can travel according to the
demand of car users when the road network condition
permits. As the public transport mode, the bus must travel

along the preset bus lanes, and the departure interval has
certain restrictions. (e bus is an independent mode of
transport, which is different from the car in terms of vehicle
structure, passenger capacity, and driving characteristics.
(erefore, there are much difference in operation char-
acteristics between cars and buses. As the road network
traffic facilities or traffic management measures (bus lanes,
bus priority, etc.) change, the differences between the two
are significant. Car p-MFD and bus p-MFDwill also change
accordingly, and there may be differences in the changing
patterns. (erefore, this paper studies the bus p-MFD and
car p-MFD of urban road networks separately to study
better the changes in the capacity of these two modes to
transport passengers when the states of the road network
change.

p-MFD is composed of a series of scattered points. (e
scattered points are the empirical or experimental data at a
certain time interval Δt during the operation process of the
road network. In this paper, p-MFD takes the vehicle
density in the road network of K (veh/km/ln) as the
abscissa and the passenger flow leaving the road network of
PAX (person/ln/h) as the ordinate. According to the def-
inition of p-MFD, the relevant parameter calculation
equation is as follows:

Table 1: Literature review on implementation of dedicated bus lanes on MFD and p-MFD.

MFD p-MFD

Data sources
Traffic software simulation [27–30]

(eoretical model [3, 10, 31]
Empirical data [12, 16]

Fixed passenger occupancy rate [30]
Estimated passenger occupancy rate [3, 11, 12, 16, 28]

(eoretical models [32]

Road network (eoretical road network [3, 10, 31]
Actual road network [12, 16, 27–30]

(eoretical road network [3, 11]
Actual road network [12, 16, 28, 30, 32]

Modelling method

Scatter plot [10, 12, 29] and contour map (3D-MFD)
[12, 29]

Empirical or simulated data fitting: least square method
and exponential function fitting (3D-MFD) [16, 27, 28]

Analytical model: variational method [3]

Scatter plot [12, 28, 30] and contour map (3D-MFD)
[12, 16, 30]

Empirical or simulated data fitting: least square method and
exponential function fitting (3D-MFD) [16]

Analytical model: variational method [3, 32], the analytical
model considering the proportion of passengers choosing car

transport and public transport [11]
Analysis factors (e shape of MFD (maximum) [3, 10, 16, 27–29] (e shape of p-MFD (maximum) [3, 11, 12, 16, 28, 30, 32]

Impact on road
network transport

(i) (e shape of the MFD of the dedicated bus lane is
similar to the shape of the MFD of the mixed traffic
[27, 28], and its shape is related to the average bus dwell
time [28] and headway [3].
(ii) (e number of vehicles in the road network when
setting up dedicated bus lanes will not reach the
maximum value of the MFD of the previous road
network [10, 11, 29].
(iii) With a very low accumulation of buses, the road
network achieves the best operating conditions
(maximum capacity value). When the proportion of
dedicated bus lanes increases, the transport
performance of cars gets worse and the transport
performance of buses improves [29].
(iv) When dedicated bus lanes are available, buses have
significantly improved speed and flow compared with
mixed flow conditions [16].
(v) In the case of car traffic congestion, increasing the
space of dedicated bus lanes can reduce the total cost of
society and increase the share rate of buses [31].

(i) (e number of passengers in the road network when
setting up dedicated bus lanes will not reach the maximum
value of the p-MFD of the previous road network [3].
(ii) To obtain more passenger throughput, when the road
network has implemented dedicated bus lanes, more buses
can be deployed in the network [28]. A certain number of
buses can improve the transport performance of the road
network [30].
(iii) (e increase in the proportion of bus lanes will reduce
the marginal effect of the speed of the bus fleet [12].
(iv) Under noncongested traffic conditions, mixed lanes can
always produce higher passenger throughput. However, as
the degree of congestion increases, the passenger throughput
of dedicated bus lanes is greater than that of mixed lanes [32].
(v) (e dedicated bus lane ensures that the bus system can
still operate even when the road network is very crowded
[11].
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Pc(t) �
nc · qc(t − Δt) + q

i
c(t) − q

o
c(t)  · 3600

Δt · N
, (4)

Pb(t) �
nb · qb(t − Δt) + q

i
b(t) − q

o
b(t)  · 3600

Δt · N
, (5)

P(t) � Pc(t) + Pb(t), (6)

K(t) �
q(t)

L
, (7)

where Δt represents the time interval for data collection (s),
q(t) means the number of vehicles running in the road
network at time t (veh), qi

c(t) represents the number of cars
entering the road network at time t (veh), qi

b(t) represents
the number of buses entering the road network at time t

(veh), qo
c(t) represents the number of cars leaving the road

network at time t (veh), qo
b(t) denotes the number of buses

leaving the road network at time t (veh), nc represents the
average passenger occupancy of cars (person), nb represents
the average passenger occupancy of buses (person), Pc(t)

means the flow of car passengers leaving the road network at
time t (person/ln/h), Pb(t) represents the flow of bus pas-
sengers leaving the road network at time t (person/ln/h), N

represents the total number of exit lanes of the road network
(ln), K(t) represents the density of running vehicles in the
road network at time t (veh/km/ln), and L represents the
total length of lanes in the road network (km).

2.3. Segmented Linear Model of MFD and p-MFD. (e MFD
scatter plots of different road networks, car p-MFD, and bus
p-MFD have similar changing trends, namely the rising,
stable, descending, and post-stable trends. (e post-stable
trend with consistently low value means that a very small
number of vehicles still can leave the road network even
when the road network is seriously congested, such as the
vehicles near the exit. However, there are still some dif-
ferences between MFD and p-MFD. (erefore, the scattered
points of MFD and p-MFD can be clustered into several

categories according to the changing trend. Based on re-
search [33], this paper uses Gaussian mixture clustering to
classify the scattered points of MFD and p-MFD. (e
Gaussian mixture model (GMM) is a linear combination of
multiple Gaussian models and is a common clustering
method. (is method uses the Gaussian probability density
function to calculate the probability that the scatter points
belong to each category. (e category with the highest
probability of the scatter points is regarded as the category to
which the scatter points belong, and the scatter points are
aggregated into several categories with obvious differences.
GMM can divide the data with any shape of an ellipse and
has a better clustering effect on curved data points. (e
sklearn.mixture library is used in the open-source software
of python to implement GMM in this paper.

(e probability distribution of the Gaussian mixture
model is shown in the following equation:

P(x | θ ) � 
M

m�1
αmφ x|θm( , (8)

where M represents the number of sub-Gaussian models in
the mixture model, m � 1, 2, . . . , M, M≥ 3; αm means the
probability that the scatter points belong to the mth sub-
model, am ≥ 0, 

M
m�1 am � 1; and φ(x|θm) represents the

Gaussian distribution density function of themth sub-model,
θm � (μm, σ2m).

According to equations (1)–(3) and (7)–(10), MFD and
p-MFD scatter plots of various modes can be obtained. (e
GMM model is used to cluster the MFD and the p-MFD
scattered points of cars and buses separately and divide them
into M categories. (e M-segment scatter points of the road
network MFD, the car p-MFD, and the bus p-MFD are
linearly fitted and represented by a segmented linear model
as follows:

Fw(k) �

a
1
wk + b

1
w, 0≤ k≤ k

1
w,

a
2
wk + b

2
w, k

1
w < k≤ k

2
w,

. . .

a
M−1
w k + b

M−1
w , k

M−2
w < k≤ k

M−1
w ,

a
M
w k + b

M
w , k

M−1
w < k,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

k
j
w �

b
j
w − b

j−1
w

a
j−1
w − a

j
w

, j � 2, . . . , M, (10)

where F � Q,PAX{ }. When F � Q, Qw(k) represents the
flow of vehicles leaving the road network when the density is
k (veh/ln/h). w � net{ }, net represents the road network.
When F � PAX, PAXw(k) represents the passenger flow of
cars or buses leaving the road network when the density is k

(person/ln/h). w � c, b, net{ }, where c represents cars, b is
buses, and net means the road network. F

j
w(k) � a

j
wk + b

j
w,

where j � 1, 2, . . . , M, j represents the corresponding
number of each segment, a

j
w denotes the slope of the

function, b
j
w means the constant of the function, and k

j
w
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Figure 1: MFD.
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represents the corresponding vehicle density k in the road
network at the beginning of the j segment of MFD or
p-MFD. In this paper, k1

w is generally considered to be 0.
To avoid state mutation in MFD and p-MFD, if

a
j
wa

j+2
w < 0, j � 1, 2, . . . , M − 2, then a

j
w � 0. When a

j
w > 0,

the segment is in a rising state. When a
j
w � 0, the segment is

in a steady state.When a
j
w < 0, the segment is in a descending

segment. (e rising section consists of multiple consecutive
rising segments, and the descending section consists of
multiple consecutive descending segments.

2.4. MFD and p-MFD Modelling

2.4.1. MFD Modelling

Step1: Use empirical or experimental data to calculate
the vehicle density K(t) in the road network and the
flow of vehicles leaving the road network Q(t)

according to equations (1)–(3)
Step2:Use K(t) as the abscissa andQ(t) as the ordinate
to obtain the scatter plot of road network MFD
Step3: Employ GMM to cluster road network MFD
scatters and divide scatters into M categories
Step4: Linear fitting is performed on the M-segment
scatters of the road network MFD, and the piecewise
linear function is used to represent the road network
MFD model

According to the changing trend of the scatter plot of
road network MFD, the number of clusters of MFD M is set
to 4 in this paper. (e 4-segment scattered points of MFD
classified by GMM are linearly fitted, and MFD is repre-
sented by a piecewise linear function,. MFD obtained by the
above modelling method is shown in Figure 2.

According to Figure 2, each section of MFD can be
described as follows:

(1) Rising Section. (e traffic in the road network is in a
smooth state, and the throughput of cars and buses in the
road network is smooth. At this section, Q(t) increases with
the increase of K(t).

(2) Stable Section. (e traffic in the road network is still
in a saturated state, and the road network continues to
transport cars and buses. As K(t) increases, Q(t) stabilizes
within a certain range, and Q(t) reaches the maximum value
Qmax. If K(t) continues to increase, Q(t) fluctuates around
Qmax.

(3) Descending Section. (e traffic in the road network
is in a front-congested state. Some intersections and road
sections in the road network are blocked, and part of
vehicles cannot leave the road network due to traffic
congestion. At this time, the road network has reached the
critical point where it can effectively bear no more ve-
hicles. As K(t) continues to increase, Q(t) continues to
decrease.

(4) Post-Stable Section. (e traffic in the road network is
in a post-congested state, and most intersections and road
sections in the road network remain seriously blocked, and
the corresponding most vehicles cannot leave the road
network. Q(t) is stable within a certain range, and Q(t)

reaches the minimum value Qmin since MFD enters the
descending stage. If K(t) continues to increase, Q(t) will
fluctuate around Qmin.

2.4.2. p-MFD Modelling

Step1: Use empirical or experimental data to calculate
the vehicle density K(t) in the road network, the
number of passenger-car users leaving the road net-
work Pc(t) and bus passengers leaving the road net-
work Pb(t) according to equations (4)–(7)
Step2: Use K(t) as the abscissa and Pc(t) and Pb(t) as
the ordinate separately to obtain the scatter plot of car
p-MFD and bus p-MFD, respectively
Step3: Use GMM to cluster the car p-MFD and the bus
p-MFD scatters and divide scatters into M categories
separately
Step4: Linear fitting is performed on the M-segment
scatters of car p-MFD and bus p-MFD, and the
piecewise linear function is used to represent car
p-MFD and bus p-MFD model
Step5: Add the piecewise linear function of car p-MFD
and bus p-MFD to get road network p-MFD model,
namely

PAX(k) � PAXc(k) + PAXb(k),

gp(k) � gpc(k) + gpb(k),
(11)

where PAX(k) denotes the passenger volumes leaving
the road network when the density is k (persons/ln/h),
PAXc(k) denotes the flow of car passengers leaving the road
network when the density is k (persons/ln/h), PAXb(k)

represents the flow of bus passengers leaving the road
network when the density is k (persons/ln/h), gpb(k) de-
notes the slope of road network p-MFD when the density is
k, gpc(k) means the slope of car p-MFD when the density is
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Figure 2: MFD obtained by the proposed method.
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k, and gpb(k) denotes the slope of bus p-MFD when the
density is k.

According to the changing trend of p-MFD, the number
of p-MFD scatter clusters for cars and buses in this paper is
set to 4, namely, M � 4. (erefore, there are 3 inflection
points for the p-MFD of the car and the bus, ki

w, w � c, b{ },
i � 1, 2, 3. Because the operating characteristics of cars and
buses are different, the inflection points of car p-MFD and
bus p-MFD may also be different. (erefore, the road
network p-MFD obtained by equation (12) is a linear
function with s inflection points (3≤ s≤ 6), and s � M − 1.
(e p-MFD obtained using the above method is shown in
Figure 3.

In Figure 3, the sections of car p-MFD, bus p-MFD, and
road network p-MFD are described as follows:

(1) Rising Section. (e traffic in the road network is in a
smooth state, and the throughput of car users and bus
passengers in the road network is smooth. Pc(t), Pb(t), and
P(t) increase with the increase of K(t), respectively. (e
rising section of P(t) may have multiple segments
depending on the slope.

(2) Stable Section. (e traffic in the road network is in a
saturated state, and the road network continues to carry car
and bus passengers. As K(t) increases, Pc(t) and Pb(t)

stabilize within a certain range and reach the maximum
Pcmax and Pbmax, respectively. As K(t) continues to increase,
Pc(t) fluctuates around Pcmax, and Pb(t) fluctuates around
Pbmax. Notably, Pc(t) and Pb(t) do not reach the maximum
value at the same time, that is, k1c and k1

b are not necessarily
the same, respectively.When Pc(t) and Pb(t) enter the stable
section, P(t) enters the stable section, too.

(3) Descending Section.(e traffic in the road network is
in a front-congested state. Some intersections and road
sections in the road network are blocked, and some bus and
car passengers cannot leave the road network. As K(t)

continues to increase, Pc(t), Pb(t), and P(t) continues to
decrease. (e descending section of P(t) may have multiple
segments depending on the slope.

(4) Post-Stable Section. (e traffic in the road network is
in a post-congested state, and most of the intersections and
road sections are seriously blocked. Without public bus
priority measures (dedicated bus lanes, bus signal priority,
etc.), most of the car and bus passengers cannot leave the
road network. As K(t) increases, Pc(t) and Pb(t) are stable
within a certain range. (en, Pc(t) and Pb(t) reach the
minimum value Pcmin and Pbmin since car p-MFD and bus
p-MFD entered the descending stage separately. As K(t)

continues to increase, Pc(t) fluctuates around Pcmin, and
Pb(t) fluctuates around Pbmin. It is worth noting that Pc(t)

and Pb(t) do not reach the minimum value at the same time,
namely k3

c and k3
b are not necessarily the same, respectively.

When Pc(t) and Pb(t) enter the post-stable section, P(t)

also enters the post-stable section.

3. Network Evaluation Based on MFD
and p-MFD

(is study proposes several indicators to evaluate the urban
road network based on MFD and p-MFD from different

perspectives. (rough the analysis of these indicators, it is
helpful analyse more comprehensively the operation of the
urban road network under different scenarios.

3.1.RoadNetworkTransportEfficiency. (e indicators in this
section are proposed to evaluate the operational efficiency of
the urban road network based on MFD and p-MFD pro-
posed in the previous section.

(e slope of the MFD gc (p-MFD gp) is defined as the
ratio between the increment of traffic flow ΔQ (passengers
ΔPAX) leaving the road network and the increment of
vehicle density in the road network ΔK:

gc �
ΔQ
ΔK

, (12)

gp �
ΔPAX
ΔK

. (13)

In this study, the slopes of the rising section and the
descending section are mainly studied. When the slope of
the rising section is larger, the increment in the flow of
passengers (vehicles) leaving the road network is larger when
the increment in vehicle density is the same. (us, the ef-
ficiency of transporting passengers (vehicles) improves when
traffic flow on the road network is in a smooth state; oth-
erwise, the efficiency of transporting passengers (vehicles)
deteriorates when the road network is in a smooth state.
When the absolute value of the slope of the descending
section is larger, the increment of passengers (vehicles) flow
leaving the road network is greater when the increment in
vehicle density is the same. It reveals that the efficiency of
transporting passengers (vehicles) improves when the road
network is in a congested state; otherwise, it reveals that the
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efficiency of transporting passengers (vehicles) deteriorates
when the road network is in the congested state.

(e value of the stable section F2
w(k) is defined as the

corresponding flow of vehicles leaving the road network in
the stable section. In the same way, the value of the post-
stable section F4

w(k) is defined as the corresponding flow of
vehicles leaving the road network in the post-stable section
as follows:

F
2
w(k) � a

2
wk + b

2
w,

F
4
w(k) � a

4
wk + b

4
w.

(14)

In this study, when the stable or post-stable section is
close to horizontal, a2

w � 0 or a4
w � 0, and F2

w(k) � b2w,
F2

w(k) � b2w. Within the density range of the stable section,
when the value of the stable section is larger, the flow of
passengers (vehicles) leaving the road network is larger,
which indicates that the road network is more efficient in
transporting passengers (vehicles) in a saturated state. (e
above indication also applies to the post-stable section.

3.2. Road Network Capacity and Reliability. (e indicators
proposed in this section are used to evaluate the capacity and
reliability of the urban road network based on MFD and
p-MFD.

(e front-inflection point (k1 and qmax) is defined as the
connecting point between the rising and the stable sections,
and the back-inflection point (k2, qmax) is defined as the
connecting point between the stable and the descending
sections. (e schematic diagram is shown in Figure 4.

When the inflection point moves toward the zero point,
the abscissa and ordinate values of the inflection point
decrease. If the front-inflection point is closer to the zero
point, it means that the road network quickly enters the
stable state from the smooth one; if the back-inflection point
is closer to zero, it shows the road network quickly changes
from the stable state to the congested one. (erefore, the
faster the road network state changes and the lower the road
network throughput is, the less effective the resource uti-
lization of road network is.

(e density range of x section Δkx
range is defined as the

difference of the vehicle density corresponding to the end of
the x section minus the vehicle density corresponding to the
beginning of the x section. (e expression is as follows:

Δkx
range � k

x
e − k

x
b , (15)

where kx
2 denotes the vehicle density corresponding to the

end of the x section, kx
1 denotes the vehicle density corre-

sponding to the beginning of the x section, Δkx
range denotes

the density range of x section. x � r, s, d, p , where r

represents the rising section, s represents the stable section, d
represents the descending section, and p represents the post-
stable section.When the density range is larger, it means that
the road network has a stronger ability to output traffic
continuously in this state, and the road network has a
stronger continuity in this state.

(e goodness of fit, R2, is defined as the degree of the
regression line fitting the observed values:

R
2

�


G
g�1 yg − y 

2


G
g�1 yg − y 

2, (16)

where R2 denotes the goodness of linear fitting; yg denotes
the value of the fitted data, which is the data value obtained
by linear fitting in this paper; y denotes themean value of the
empirical data or experimental data, which is the mean value
of the simulated data in this paper; yg denotes the empirical
data or experimental data, which is the simulated data in this
paper; G denotes the number of data samples; and g denotes
the gth data sample. When the goodness of fit, R2, is larger,
the scattered points of this section are more concentrated,
which means that the stability of the road network transport
in this state is better. (is study mainly studied the goodness
of fit of the rising section and the descending section,
respectively.

To sum up, the aforementioned indicators and the
symbolic meanings corresponding to the changes in indi-
cators for road network evaluation are summarized in
Table 2.

4. Experimental Design and Results

4.1. Introduction of the Experiment. Actually, the MFD and
p-MFD method and the corresponding indicators proposed
in this paper can be extended to multiple modes (cars, buses,
etc.) to evaluate the operation of various urban road net-
works when the traffic improvement is implemented. For
example, the implementation of a dedicated bus lane is a
very effective measure to improve bus operation. How-
ever, it may cause traffic congestion for private cars due to
the reduction of road resources. Next, MFD and p-MFD
are used to evaluate the influences of dedicated bus lanes
on the road network operation in this experiment. A grid
road network with signalized intersections is taken for
experiments, which is similar to the urban network
studied in reference [10]. (e roads are divided into main
roads, secondary roads, and branch roads. (e main roads
are 3,000 meters long with six lanes, and each lane is 3.5
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meters wide. (e secondary roads are 2,100 meters long with
four lanes, and each lane is 3.5 meters wide. (e main roads
and the secondary roads are both two-way roads. (e branch
roads are 100meters long. Two pairs of harbour-style bus
stops are set up on each main road. (ere are two types of
vehicles in the road network, cars and buses. In this exper-
iment, the dedicated bus lanes are set on the roadside. (e
schematic diagram of the dedicated bus lanes and road
network are shown in Figures 5 and 6, respectively. In order to
facilitate simulation, bus lanes are only set up on the main
roads, and the average bus flow on the dedicated bus lanes is
set as 75 veh/ln/h based on the field investigation of the
average interval on dedicated bus lanes.

(e network traffic data under the different scenarios are
obtained by a microscopic traffic simulation software of PTV
Vissim.(is study has simulated five scenarios with different
proportions of dedicated bus lanes, which are 0, 0.05, 0.11,
0.16, and 0.21.

In the simulation network, data detectors are installed at
the road network boundary, internal entrances, and exits.
(e data collection time interval is 60 s, and the total du-
ration of one simulation is 10,500 s. To study the efficiency
and capacity of the network comprehensively, cars are
continuously input with the time increment of Δt in each
scenario. By continuously increasing the input of vehicles in
the road network, the number of vehicles running on the

road network increases continuously. As the density of
vehicles in the road network increases, the network traffic
state ranges from a smooth state to a saturated state, then
congested state, and finally severe congestion state. (ere-
fore, one can collect the traffic parameters from the smooth
state to the severely congested state for MFD and p-MFD
modelling. In this paper, Δt is set to 200 s, and the car arrival
patterns on each grade of the road are shown in Table 3. (e
flow of cars entering the road network increases according to
a certain pattern, which makes the road network transit to a
severely congested state from a smooth state. (e number of
vehicles entering and leaving the road network at each in-
terval during the simulation period is obtained. Five sim-
ulations are run for each scenario by changing the random
seed such as to reduce the random errors.

In this experiment, nc � 1.3, and nb � 72. Notably, for a
realistic purpose, the value of nc in this paper is set as the
observed average occupancy of cars, similar to reference
[28].(e values of nc and nb can be determined through field
investigation in practice. Every set of data is processed by
equations (1)–(3) and (4)–(7). (e four-segment linear
function model of MFD, car p-MFD, and bus p-MFD under
different scenarios are obtained by the modelling methods
proposed, and then road network p-MFD is obtained by
equation (12). Finally, the characteristic parameters of the
road network MFD and p-MFD are analysed.

Table 2: Road network evaluation indicators based on MFD and p-MFD.

Category Indicator Trend Symbolic meaning

Road network
transport efficiency

(e slope of the rising section of
MFD (p-MFD)

Increase (e efficiency of transporting vehicles (passengers) improves
when the road network is in the smooth state

Decrease (e efficiency of transporting vehicles (passengers)
deteriorates when the road network is in the smooth state

(e value of the stable section of
MFD (p-MFD)

Increase
(e efficiency of transporting vehicles (passengers) and the
ability to endure the access of vehicles improve when the

road network is in the saturated state

Decrease
(e efficiency of transporting vehicles (passengers) and the
ability to endure the access of vehicles deteriorate when the

road network is in the saturated state

(e absolute value of the slope of the
descending section of MFD (p-

MFD)

Increase (e efficiency of transporting vehicles (passengers) improves
when the road network is in the congested state

Decrease (e efficiency of transporting vehicles (passengers)
deteriorates when the road network is in the congested state

(e absolute value of the post-stable
section of MFD (p-MFD)

Increase (e efficiency of transporting vehicles (passengers) improves
when the road network is in the post-congested state

Decrease
(e efficiency of transporting vehicles (passengers)

deteriorates when the road network is in the post-congested
state

Road network
capacity and
reliability

(e inflection point of
MFD (p-MFD)

Move toward
(0, 0)

(e utilization of road network deteriorates resources from
vehicles (passengers) perspective

Move away
from (0, 0)

(e utilization of road network resources improves from
vehicles (passengers) perspective

(e density range of MFD (p-MFD)
Increase (e continuity of the road network at this state improves

from vehicles (passengers) perspective

Decrease (e continuity of the road network at this state deteriorates
from vehicles (passengers) perspective

(e goodness of fit of MFD (p-MFD)
Increase (e stability of the road network improves from vehicles

(passengers) perspective

Decrease (e stability of the road network deteriorates from vehicles
(passengers) perspective
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In addition, the values of nb is related to the average
number of passengers carried by buses. It mainly affects bus
p-MFD, which reflects the network performance of carrying
bus passengers. Compared with car passenger occupancy,
the value and fluctuation of bus passenger occupancy are
greater, which has a more significant impact on p-MFD.
(erefore, taking the proportion of dedicated bus lanes as
0.11 as an example, the bus p-MFD and network p-MFD
with the values of nb changing from 10 to 90 are analysed.

4.2. Experimental Results

4.2.1. MFD. When the dedicated bus lane proportion is 0.11,
the MFD is taken as an example to show the modelling result
of MFD, as shown in Figure 7(a). Figures 7(b) and 7(c) show

the comparisons of the MFD linear functions under the
different proportions of dedicated bus lanes.Table 4 shows
the segmented expressions of MFD with different propor-
tions of dedicated bus lanes obtained by GMM clustering
and linear fitting.

In Figure 7, it can be seen that the road network has not
reached the final paralysis point at the end of the simulation,
which means the flow of vehicles leaving the road network is
not 0. Although the entire road network has serious con-
gestion, and most vehicles cannot leave the road network,
there are still a small number of vehicles near the exits that
can still leave the road network. Figures 7(b) and 7(c) show
the trend of MFD as the proportion of dedicated bus lanes
increases. With the increase of the proportion of dedicated
bus lanes, the slope of the rising section gradually increases,
and the front- and the back-inflection points gradually move
toward zero. (e difference in the value of the post-stable
section is not obvious. (e indicators proposed in Section 3
on MFD are analysed in detail in Section 5.

4.2.2. p-MFD. (e car p-MFD, bus p-MFD, and road
network p-MFD under the proportion of 0.11 of dedicated
bus lanes are taken as the example to show the modelling
result of p-MFD, as shown in Figures 8(a)–8(c). It can be
seen that both car p-MFD and bus p-MFD have consistent
curve shape of rising, stable, descending, and finally stable
trends in Figures 8(a) and 8(b). However, there are many
differences in the inflection points, peak value, and slopes.
Tables 5 and 6 show the segmented expressions of car
p-MFD and bus p-MFD with different proportions of
dedicated bus lanes obtained by GMM clustering and linear
fitting.

According to Figure 8(c), there are three different in-
flection points for the car p-MFD and the bus p-MFD.
(erefore, the road network p-MFD by equation (12) has six
inflection points with a seven-segment linear function ex-
pression. (e rising section (gp > 0) has two segments; the
descending section (gp < 0) has three; and the stable and the
post-stable sections (gp � 0) both have one segment. (is
shows that the number of network p-MFD segments is
determined by the inflection points of the car p-MFD and
the bus p-MFD, which has a certain degree of uncertainty.
However, the general trend of the road network p-MFD is
still rising and stable, descending until it reaches a plateau
near the minimum value.(e rising and descending sections
may have multiple segments, which is determined by the

Main road
Secondary road

Branch road
Bus station

N

Figure 6: Experimental grid road network.

Table 3: Traffic arrival pattern in the experimental simulation
network.

Road grade Increase of car flow
(veh)

Maximum value of car flow
(veh/ln/h)

Main road 100 1,500
Secondary
road 50 800

Branch road 10 150∼ 300

Dedicated bus lane

Dedicated bus lane

Figure 5: Schematic diagram of dedicated bus lanes.
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speed of the car p-MFD and the bus p-MFD entering and
leaving the rising and descending sections, respectively.
Notably, when the proportion of dedicated bus lanes is 0.21,
all buses in the road network can freely enter and exit the
road network through dedicated bus lanes. (erefore, the
bus p-MFD has only the rising and the stable sections.

(e road network p-MFD with different proportions of
dedicated bus lanes is obtained by using equation (12) and
the segmented expression of p-MFD for cars and buses.
Figures 8(d) and 8(e) show the comparison of the linear
function models of p-MFD with different proportions of
dedicated bus lanes. From the p-MFD obtained, when the

300

250

200

150

100

50

0V
eh

ic
le

 fl
ow

 le
av

in
g 

th
e r

oa
d 

ne
tw

or
k

(v
eh

/ln
/h

)

Vehicle density in the road network
(veh/km/ln)

0 20 40 60 80 100 120

Rising section
Stable section

Descending section
Post-stable section

(a)

250

200

150

100

50

0V
eh

ic
le

 fl
ow

 le
av

in
g 

th
e r

oa
d 

ne
tw

or
k

(v
eh

/ln
/h

)

Vehicle density in the road network
(veh/km/ln)

0 20 40 60 80 100 120 140

0
0.05
0.11

0.16
0.21

(b)

V
eh

ic
le

 fl
ow

 le
av

in
g

th
e n

et
w

or
k

(v
eh

/ln
/h

)
0.25

0.20
0.15

0.10
0.05

0.00

Prop
or

tio
n of

de
dic

ate
d b

us
 la

nes

250

200

150

100

50

0

Vehicle density in the network
(veh/km/ln)

0 20 40 60 80 100 120 140

0
0.05
0.11

0.16
0.21

(c)

Figure 7: (a) MFD cluster fitting results with dedicated bus lane proportion of 0.11, (b) MFD with different proportions of dedicated bus
lanes, and (c) MFD with different proportions of dedicated bus lanes.

Table 4: MFD expressions with different proportions of dedicated bus lanes.

Proportion of dedicated bus lanes 0 0.05 0.11 0.16 0.21
Rising section 8.094k + 12.650 8.032k + 9.511 9.169k− 2.224 10.133k− 5.309 13.201k− 16.332
Stable section 262.915 252.181 240.344 230.968 222.027
Descending section −4.301k + 461.961 −6.470k + 603.528 −5.451k + 505.999 −5.326k + 425.497 −6.755k + 441.243
Post-stable section 16.955 20.477 19.398 18.283 20.423
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Figure 8: (a) p-MFD cluster fitting results of cars with dedicated bus lane proportion of 0.11, (b) p-MFD cluster fitting results of buses with
bus lane proportion of 0.11, (c) p-MFD of road network with dedicated bus lane proportion of 0.11, (d) p-MFDwith different proportions of
dedicated bus lanes, and (e) p-MFD with different proportions of dedicated bus lanes.
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proportion of dedicated bus lanes is no greater than 0.16,
the road network p-MFD has a seven-segment linear
function; the rising section (gp > 0) has two segments; and
the stable and the post-stable sections have one segment,
and the descending section (gp < 0) has three segments.
When the proportion of dedicated bus lanes is 0.21, the
road network p-MFD is a five-segment linear function; the
rising section (gp > 0) has two segments; the stable and the
post-stable sections have one segment, and the descending
section (gp < 0) has also one section. (e indicators pro-
posed in Section 3 on p-MFD are analysed in detail in
Section 6.

4.2.3. Impact Analysis of nb on p-MFD. (e bus p-MFD and
network p-MFDwith the values of nb changing from 10 to 90
when the proportion of dedicated bus lanes is 0.11 are taken
as the example to demonstrate the impact of nb on p-MFD,
as shown in Figures 9(a) and 9(b). When the average pas-
senger occupancy of buses in the road network increases, the
basic shapes of the bus p-MFD and the network p-MFD
remain unchanged. It shows that with the increase of the
vehicle density, the passenger flow first increases, then
stabilizes, and then drops to a certain small value.

For bus p-MFD and network p-MFD, when the values of
nb increases, changing from 10 to 90, the slopes of the rising
section, the values of the stable section, and the post-stable
section become larger. According to the indicators based on
the p-MFD, it means that when the number of passengers
carried by buses in the network becomes larger, the effi-
ciency of transporting passengers improves.

(is shows that when the average passenger occupancy
of cars in the network is certain, appropriately increasing the
average passenger occupancy of buses can improve the
transport efficiency of the road network.(e optimization of
the network transport efficiency can be realized from two
aspects. On the one hand, the passenger capacity of buses
should be improved, and the carriages should be rationally
optimized to increase the number of passengers that can be
accommodated. On the other hand, the level of public
transportation services should be improved to increase the
attractiveness of public transportation.

5. Impact Analysis of Dedicated Bus
Lanes on MFD

5.1. Geometric Features. (e proportion of dedicated bus
lanes affects the geometric characteristics of MFD, mainly
including the rising section, the descending section, the
stable section, the points of inflection, and the density range
of each section.

5.1.1. :e Rising and Descending Sections. (e absolute
values of the slopes of the rising and the descending sections
of the MFD under different proportions of dedicated bus
lanes are compared as shown in Figure 10. In general, as the
proportion of dedicated bus lanes in the road network in-
creases from 0 to 0.21, the slope of the rising section in-
creases. However, the absolute value of the slope of the
descending section is less affected. It indicates that the
implementation of dedicated bus lanes is conducive to the
transport of vehicles in the smooth state of the road network,
and as the proportion of dedicated bus lanes increases, this
advantage becomes more obvious. When traffic flow in the
road network is small, the vehicles in the road network are in
a noncongested state. Cars and buses driving in separate
lanes can ensure that their speeds are maintained within the
ideal range, thereby improving the overall transport effi-
ciency of the road network. Meanwhile, the implementation
of dedicated bus lanes has little effect on network efficiency
when the road network is congested.

5.1.2.:e Stable Section. (e values of the stable section qmax
with different proportions of dedicated bus lanes are
compared as shown in Figure 11. As the proportion of
dedicated bus lanes increases from 0 to 0.21, the value of the
stable section decreases. It indicates that the implementation
of dedicated bus lanes reduces the capacity of transporting
vehicles when the road network is in a saturated state. (e
impact is more significant with the increase in the pro-
portion of dedicated bus lanes. Due to the limited road
resources, the increase in the number of dedicated bus lanes
will cause the reduction of the number of passenger-car

Table 5: Car p-MFD expression with different proportions of dedicated bus lanes.

Proportion of dedicated bus lanes 0 0.05 0.11 0.16 0.21
Rising section 9.436k− 0.132 8.819k + 3.010 10.428k− 17.927 11.140k− 17.496 14.101k− 27.883
Stable section 311.952 295.718 273.427 267.126 260.573
Descending section −5.421k + 594.830 −7.473k + 721.232 −6.419k + 609.990 −6.673k + 541.792 −8.861k + 586.643
Post-stable section 20.890 21.754 18.479 14.609 15.780

Table 6: Bus p-MFD expression with different proportions of dedicated bus lanes.

Proportion of dedicated bus lanes 0 0.05 0.11 0.16 0.21
Rising section 80.497k− 365.479 76.460k− 319.657 73.042k− 270.203 78.423k− 252.100 104.309k− 333.356
Stable section 488.711 487.780 484.173 481.680 483.791
Descending section −8.715k + 811.437 −6.389k + 756.586 −4.182k + 657.039 −3.765k + 641.574 —
Post-stable section 12.843 126.845 245.322 364.262 —
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lanes.(e number of buses running in the dedicated bus lane
is related to the setting of the bus lanes, the bus departure
interval, and so on. Due to its transport characteristics and
public service attributes, the output flow of the dedicated bus
lanes is less than the output flow of the passenger-car lanes.
(erefore, the implementation of dedicated bus lanes re-
duces the number of vehicles that can be served by the road
network.

5.1.3. :e Points of Inflection. (e horizontal and vertical
coordinates of the inflection points of the MFD with dif-
ferent proportions of dedicated bus lanes are compared as
shown in Figure 12. As the proportion of dedicated bus lanes
increases from 0 to 0.21, the values of ks

b and qmax both show
a decreasing trend, and the value of kd

b first increases and
then decreases. (e position of the front-inflection point
moves roughly toward the zero point. It shows that the
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implementation of dedicated bus lanes makes the road
network transit from the smooth state to the saturated state
faster, and as the proportion of dedicated bus lanes increases,
the changing speed of the transport state increases. (e
abscissa of the back-inflection point first increases and then
decreases, indicating that when the proportion of dedicated
bus lanes is set in the range of 0∼ 0.11, the speed at which the
road network enters congestion will slow down. As the
proportion of dedicated bus lanes continues to increase, the
road network will quickly change from a saturated state to a
congested state.

(e implementation of dedicated bus lanes in the road
network causes the reduction of the number of passenger-
car lanes and also the access of vehicles that the road network
can withstand. When the proportion of dedicated bus lanes
is in the range of 0∼ 0.11, buses and cars running in different
lanes effectively reduce the influence of each other. It is
beneficial to increase the number of vehicles effectively
borne by the road network. However, as the proportion of
dedicated bus lanes continues to increase, passenger-car
lanes are reduced more, and the number of vehicles effec-
tively borne by the road network decreases sharply.

5.1.4. :e Density Range of Each Section. (e density range
of each section Δkx

range with different proportions of dedi-
cated bus lanes is compared as shown in Figure 13.When the
proportion of dedicated bus lanes in the road network is
within the range of 0∼ 0.11, Δks

range and kd
b are relatively

large, respectively. It means the road network can effectively
bearmore vehicles andmaintain high-efficiency operation in
a long density range. In addition, it can be seen that the
implementation of dedicated bus lanes has led to a decrease
in traffic density on the road network, which indicates that
the traffic density on dedicated bus lanes is less than that on
the normal lanes. (e reason is that dedicated bus lanes can
maintain a certain driving speed. However, the provision of
dedicated bus lanes reduces the utilization of road resources
by vehicles to a certain extent.

5.2. Goodness of Fit. (e proportion of dedicated bus lanes
affects the clustering of MFD scattered points, and the
goodness of fit is studied.

(e goodness of fit of the rising section and that of the
descending section, R2, with different proportions of ded-
icated bus lanes are compared as shown in Figure 14. As the
proportion of dedicated bus lanes increases from 0 to 0.21,
the R2 of the rising and the descending sections shows an
increasing trend. (e scatter points of the MFD with a
certain proportion of dedicated bus lanes are more con-
centrated than the ones with no dedicated bus lanes. (e
implementation of dedicated bus lanes is conducive to
maintain the stability of road network operation. (e main
reason is that the dedicated bus lanes allow buses and cars to
drive in different lanes, reducing the mutual influence
caused by the difference in operating characteristics between
them, thereby improving the stability of road network
operation.

In summary, the proportion of dedicated bus lanes has
certain influences on MFD, especially from the following
perspective: the slopes of the rising section, the value of the
stable section, the inflection points, density range, and
goodness of fit. (e impacts of the proportion of dedicated
bus lanes on the slopes of the descending section and the
value of the post-stable section are not obvious.

6. Impact Analysis of Dedicated Bus
Lanes on p-MFD

(e proportion of dedicated bus lanes affects the geometric
characteristics of p-MFD, mainly including the rising, the
descending, the stable and the post-stable sections.

6.1.:eRising and theDescending Sections. (e slopes of the
rising section of the p-MFD with different dedicated bus
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lanes proportions are compared as shown in Figure 15. (e
slope of the first segment belonging to the rising section is
greater than the second, indicating that there are two stages in
the process of transporting passengers when the road network
is in a smooth state. According to equation (13), the slope of
the p-MFD rising section is the sum of the slopes of the rising
section of the corresponding car p-MFD and the bus p-MFD.
When 0< k<min k1

b, k1
c , the bus p-MFD enters the stable

section first since k1c > k1
b. At this time, gpb(k) � 0, so the slope

of the second segment that belongs to the rising section of
p-MFD is equal to the slope of car p-MFD.(is shows that in
the first stage, with the continuous input of vehicles, passenger
transport of cars and buses is in a smooth state, and the
passenger transport efficiency reaches the maximum. In the
second stage, as the density of vehicles in the road network
continues to increase, bus passenger transport reaches satu-
ration first. At this time, the flow of the road network to
transport passengers continues to increase. It is worth noting
that the speed at which the passenger transport of buses
reaches saturation is related to the interval between bus de-
partures and the number of bus routes on dedicated bus lanes.

(e absolute slopes of the p-MFD descending section
with different dedicated bus lanes proportions are compared
as shown in Figure 16. (e slope value of the descending
section changes twice, indicating that there are three stages
in the process of transporting passengers when the road
network is in a congested state.

When the proportion of bus lanes is 0, the slope of the first
stage corresponds to that of the bus p-MFD. (e slope of the
second stage is corresponding to the sum of the slope of the
descending section of the car p-MFD and the bus p-MFD.(e
slope of the third stage is corresponding to that of the car
p-MFD. (is shows that when the road network is not
implemented with dedicated bus lanes, in the first stage, with
the continuous input of vehicles, some intersections and road
sections on the road network will be blocked, and the pas-
senger transport of the bus first reaches the congested state. At
this time, the flow of the road network to transport passengers
continues to decline, and the efficiency of bus passenger
transport has slowed down. In the second stage, as the traffic
density continues to increase, both bus and car passenger
transports have reached the congested state. At this time, the
passenger flow of the road network continues to drop, and the
efficiency of the passenger transport is significantly reduced.
In the third stage, the passenger transport capacity of buses is
reduced to the minimum, and most bus passengers cannot
leave the road network. At this time, the flow of the road
network to transport passengers continues to decline.

If the proportion of dedicated bus lanes is greater than 0,
the slope of the first and third stages of the descending
section corresponds to that of the bus, and the slope of the
second stage of the p-MFD descending section is the sum of
the slopes of the descending sections of the corresponding
car p-MFD and the bus p-MFD. It indicates that the pas-
senger transport in the first and second stages of the road
network is the same as the transport without dedicated bus
lanes. (e difference is that in the third stage, the passenger
transport capacity of cars is reduced to the minimum, and
most car passengers cannot leave the road network. At this

time, the flow of the road network to transport passengers
continues to decline. (is indicates that when the road
network is congested, bus passengers can use the dedicated
bus lanes to enter quickly and exit the road network, while
the serious blockage of passenger-car lanes makes it difficult
for car passengers to do so.

It can be seen from Figure 16 that as the proportion of
dedicated bus lanes increases from 0 to 0.21, the absolute
value of the slope of the descending section in the second
stage has a decreasing trend. It indicates that the dedicated
bus lanes improve the transport efficiency of passengers
when a road network is in a congested state. As the pro-
portion increases, the impact becomes more significant.

6.2.:e Stable Section. (e values of the stable section of the
p-MFD with different proportions of dedicated bus lanes are
compared as shown in Figure 17(a). As the proportion of
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dedicated bus lanes increases from 0 to 0.21, the value of the
stable section continues to decrease. It indicates that dedi-
cated bus lanes reduce the capacity of the road network to
transport passengers in a saturated state. (e proportion
increases, and the impact is more significant.

(e values of the stable section of the bus p-MFD and the
car p-MFD with different proportions of dedicated bus lanes
are compared, as shown in Figure 17(b). It can be seen from
Figure 17(b) that as the proportion of dedicated bus lanes
increases, the value of the stable section of bus p-MFD
fluctuates around 484 persons/lane/h, while the value of the
stable section of car p-MFD continues to decrease. (is
indicates that the dedicated bus lanes reduce the ability of the
road network to withstand the entry and exit of car pas-
sengers. At this time, dedicated bus lanes do not bring
obvious benefits to the road network to transport bus
passengers. (e main reason is that in this state, the road
network transport is able to maintain efficient operation.
Most of the roads have not been congested, and at the same
time, the passenger transport of buses is saturated according
to the bus service level. (erefore, even if there is no ded-
icated bus lane, buses can still efficiently transport passen-
gers in and out of the road network.

6.3. :e Post-Stable Section. (e values of the post-stable
section of the p-MFD with different proportions of dedi-
cated bus lanes are compared as shown in Figure 18. As the
proportion of dedicated bus lanes increases from 0 to 0.21,
the value of the post-stable section continues to increase. It
indicates that the dedicated bus lanes improve the ability of
the road network to transport passengers in the post-con-
gested state. (e impact is more significant when the pro-
portion increases. (e main reason is that when the road
network is in a post-congested state, most of the intersec-
tions and road sections in the road network are severely
congested.Without dedicated bus lanes, most car passengers
and bus passengers cannot leave the road network. However,
the dedicated bus lanes can ensure the passage of buses;

therefore, the road network can maintain efficient transport
of bus passengers when most roads are blocked.

In summary, the proportion of dedicated bus lanes has
certain influences on p-MFD, specifically from the following
perspective: the slopes of the rising and the descending
sections and the values of the stable and the post-stable
sections. Since the number of segments of network p-MFD is
flexible, the patterns of the other indicators caused by the
impacts of the proportion of dedicated bus lanes are not
obvious.

7. Conclusions

(is paper proposes the description and modelling methods
of MFD and p-MFD based on GMM and linear fitting and
the corresponding performance indicators of urban road
networks. (e methodology proposed in this study can be
applicable to various scenarios of urban road networks and
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even can be extended to multiple modes (cars, buses, etc.). A
grid network is taken as a case study such as to analyse the
impact of different dedicated bus lane proportions on
network performance via microscopic traffic simulation for
MFD and p-MFD modelling. (ere are some interesting
findings as follows:

(i) (e larger the proportion of dedicated bus lanes, the
more the rising and the stable sections of MFD, and
the descending and post-stable sections of p-MFD
are affected.

(ii) (e slope of the MFD rising section tends to in-
crease, and the value of the MFD stable section
tends to decrease as the proportion of dedicated bus
lanes increases, which indicates that dedicated bus
lane improves the efficiency of vehicle transport
under the smooth state of the road network.
However, it might reduce the vehicle throughput of
the road network.

(iii) (e slope of the p-MFD descending section and the
value of the post-stable section tend to increase
when the proportion of dedicated bus lanes is in-
creased. It indicates that dedicated bus lanes im-
prove the efficiency of passenger transport under
the saturated state of the road network. (e impact
is more significant when the proportion grows.

(iv) When the proportion of dedicated bus lanes on the
road network is within the range of 0 to 0.11, the
road network can effectively bear more vehicles and
maintain a longer density range with efficient
operation.

(v) As the proportion of dedicated bus lanes increases,
the goodness of fit of the MFD rising and
descending sections tend to increase, which indi-
cates that dedicated bus lanes are conducive to
improve the transport stability of the road network.

(vi) As the bus passenger occupancy increases, the
slopes of the rising section and the values of the
stable and the post-stable sections of p-MFD be-
come larger.

To sum up, for the simulated road network, dedicated
bus lanes can improve the efficiency of vehicle and passenger
transport in the smooth state of the road network, also
ensure that the road network continues to carry passengers
in the congested state, and improve the stability of the road
network transport. However, in themeantime, dedicated bus
lanes also affect the ability of the road network to withstand
the entry and exit of car passengers. (erefore, when
implementing dedicated bus lanes, reasonable consideration
should be given to the proportion and the operating period.
(e operation state of the road network is recommended to
be monitored in real-time, and dedicated bus lanes are
suggested to be implemented when the road network is in
the smooth and the post-congested states. In addition, the
proportion of dedicated bus lanes should be reasonably
allocated based on bus demand and operation conditions,
which provides a reference for better implementation of

dedicated bus lanes. Besides, the bus passenger capacity and
bus service should be improved to increase the attractiveness
of public transportation.

(is paper proposes a group of indicators based onMFD
and p-MFD and summarizes the influence mechanism of
dedicated bus lanes on road network transport in different
states, aiming to support and expand existing research. In
the future, the influence of different forms of bus lanes,
operating periods of bus lanes, as well as the influence of bus
signal priority on MFD and p-MFD should be studied to
assist traffic planning and management departments to
optimize the public transport system further. Meanwhile, it
will help increase the attractiveness of public transport and
improve the comprehensive transport utility of the road
network.
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