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Abstract:

MFD is widely used in traffic state evaluation because of its description of the macro level of urban road network. Aiming
at the control strategy optimization problem of urban arterial road network under saturated traffic flow state, this study
analyzes the MFD characteristics of a typical three-segment "ascending-stable-descending segment” and its advantages in
characterizing the macroscopic operation efficiency of the road network, a arterial coordination control strategy consid-
ering MFD is proposed. According to the characteristics of MFD, it is proposed that the slope of the ascending segment
and the capacity of the road network represent the operating efficiency of the free flow and saturated flow of the road
network respectively. The traffic flow and density data of road segment are obtained by the road detector through Vissim
simulation software. Aiming at the problem that the MFD is too discrete due to unreasonable control strategy or traffic
condition, and in order to extract the MFD optimization target indicators, it is proposed to extract the key boundary points
of the MFD by the “tic-tac-toe” method and divide the MFD state by Gaussian mixture clustering. The genetic algorithm
integrates the multi-objective particle swarm algorithm as the solution algorithm, and the simulation iterative process is
completed through Python programming and the com interface of Vissim software. In order to verify the validity of the
model and algorithm, the actual three-intersections arterial road network is used for verification, and the model in this
study is compared with the optimization model without considering MFD, the model solved by traditional algebraic method,
and the optimization model solved by typical multi-objective particle swarm. Results show that the model in this research
performs well in efficiency indicators such as total delay, average delay, and queue coefficient. At the same time, the MFD
form has highest stability, the control effect is the best in the saturated state. The solution algorithm GA-MOPSO also has
a better solution effect.
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1. Introduction

Traffic congestion has become one of the core fac-
tors restricting the further advancement of urbaniza-
tion in China. Under the current conditions of lim-
ited urban space resources, improving the efficiency
of road network operation through signal control
strategies and management is an effective way to al-
leviate congestion (Guo et al., 2021). In the urban
road network, the arterial road often bears most of
the traffic load. How to coordinate the signal control
of the arterial road has become the key to solving the
problem of urban traffic congestion.

The existing arterial coordination control mainly fol-
lows two ideas: maximizing the green wave band-
width and minimizing the delay. Morgan (1964) first
proposed a two-way green wave coordinated control
model, and the concept of green wave has been
widely used; Little et al (1981) developed the arterial
signal design optimization program MAXBAND by
using the maximum green wave band phase differ-
ence optimization method, which is the algebraic
method. The arterial control strategy of MULTI-
BAND has been used to this day, but its basic as-
sumption is that all intersections have the same pass-
ing bandwidth; the literature (Gartner et al., 1991;
Stamatiadis et al., 1996) proposes the classic
MULTIBAND model, which takes into account the
demand of road segments, and the bandwidth of dif-
ferent road segments can be different. Subsequent
scholars have made a lot of improvements on the ba-
sis of the MULTIBAND model, such as canceling
the symmetry constraint of the green wave band
(Zhang et al., 2015; Yu et al., 2017) and inserting the
superposition phase (Zhang et al., 2019). The above
models are improved from the perspective of band-
width and based on algebraic method. Another opti-
mization idea is to minimize delays. Such models
mostly improve the solution efficiency through in-
telligence search algorithms. Some authors (Wu et
al., 2008; Binghua et al., 2016; Wang et al., 2021)
took the minimum delay as the optimization goal,
and the public cycle, offset, and green ratio were
used as parameters, and solved it with a genetic al-
gorithm. Guo et al. (2021) set the coordination phase
according to the prediction of the arrival rate of traf-
fic flow, aiming at the minimum total delay, and
solved the problem with the chaotic particle swarm
optimization algorithm. In addition, the use of ad-
vanced computer technology for arterial coordina-

tion control has also become a research focus in re-
cent years. For example, predicting the length of the
vehicle queue to adjust the signal control (Ye et al.,
2015), using machine learning to train signaling
schemes for different traffic states (Zheng et al.,
2020).

To sum up, most of the current arterial coordinated
control strategies are modeled from the ideas of de-
lay minimization, green wave maximization, and
multi-objective models, and are solved by intelligent
optimization algorithms (Gao et al., 2017). However,
as a regional road network, urban arterial road and
their connecting roads are difficult to characterize
the overall operation state of the network only from
micro-aggregate indicators such as delays and stop
times. The arterial road network does need to design
a more macroscopic road network control strategy
evaluation and program decision.

At the same time, the proposal and application of the
Macroscopic Fundamental Diagram (MFD) pro-
vides a new idea and basis for understanding of the
traffic flow characteristics and evolution process of
the regional road network, and for the study of re-
gional traffic control methods. MFD analyzes the
road network at the macro level with road network
detection data, which reflects the general functional
relationship between the average flow and average
density in the road network and the inherent objec-
tive law. The functional relationship only depends
on the road network and control strategies and the
road network itself, regardless of specific transpor-
tation needs (He et al., 2014). Godfrey (1969) first
proposed physical model of MFD, but it was not un-
til 2007 that Daganzo (2007;2011), Geroliminis
(2011) and other scholars (Cassidy et al., 2018) elab-
orated the theoretical principle of MFD, and pro-
posed that MFD objectively reflects the internal re-
lationship between the operating state of the road
network and the cumulative number of vehicles,
MEFD is also a general relationship between the
weighted flow and the total traffic flow of the road
network.

MEFD research mainly focuses on: MFD existence
and modeling, MFD influencing factors, and traffic
control applications. In terms of MFD modeling re-
search, scholars initially believed that the shape of
MFD is close to a triangle. With the deepening of
research, he proposed that MFD is more similar to
trapezoid (Geroliminis & Daganzo, 2008). For the
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acquisition and drawing of MFD, the mainstream es-
timation methods are loop detector detection method
(Nagle et al.,, 2015) and floating car estimation
method (Nagle et al., 2014). In recent years, there
are also literatures (Lu et al., 2014; Jin et al., 2018;
Lin et al., 2020; Ji et al., 2018) using data fusion
technology for multi-source data modeling. Some
studies (Buisson et al., 2009) have also focused on
the impact of different spatial positions of data de-
tectors on MFD.

In terms of MFD influencing factors, control strat-
egy and traffic demand have been proved to have a
great impact on the shape of MFD (Ji et al. 2010;
Zhang et al., 2020). Tsubota et al. (2013) confirmed
the impact of driving route selection on MFD and
applied route guidance strategy. Xu et al. (2013)
demonstrated through simulation experiments that
road network traffic control strategies such as bus-
only lanes and no-traffic measures have a greater im-
pact on the form of MFD. Zhang et al. (2013) com-
pared the MFD of the arterial road network under
various signal control systems, and found that the
distribution of vehicle demand is an important factor
affecting the MFD. Compared with the traditional
SCAT system, the MFD characteristics obtained by
the adaptive signal control with the road network
density distribution as the optimization goal are bet-
ter. Hui et al. (2019) analyzed the influence of the
arterial control strategy on MFD, and found that the
public cycle, phase difference, and green-signal ra-
tio are the main influencing factors, and there is an
optimal public cycle to maximize the traffic effi-
ciency of the arterial road network. Ji & Daamen
(2010), Sun et al. (2020) put forward an identifica-
tion method of key road segments in road network
by identifying the influence of missing road seg-
ments on the shape of MFD. Zhu (2019) proposed
using multiple MFD indicators under different traf-

fic demands to rank the importance of road segments.

Jianmin Xu et al. (2018) analyzed the sensitivity of
the MFD curve to the proportion of large vehicles
and proposed a corresponding vehicle conversion
factor calculation method for different traffic condi-
tions. Johari (2020) examines bus stop locations and
MFDs and finds that remote bus stops result in better
network performance—larger capacity and critical
density range, and lower median average delays in
vehicle traffic networks

The application of MFD focuses on road network
state detection and discrimination, boundary control

and so on. Ding et al. (2018) quickly discriminated
the expressway network status by clustering the real-
time MFD data. Chen (2019) and Ma et al. (2019)
modeled the MFD with a three-segment trapezoid,
and proposed evaluation methods such as road net-
work capacity, stability, and road network effi-
ciency. Dong et al. (2019) divided the control area
for the road network on the basis of MFD, and then
calculated the traffic state value of the sub-area
through regression analysis for dynamic clustering
and adjustment. Some scholars also take MFD as an
index to test the stability of control strategy (Gayah
et al., 2014) or network design (Hu et al., 2020).

Fu et al. (2020) proposed a partitioning algorithm
that considers the multi-mode attributes of the road
network, they proposed a three-step partitioning al-
gorithm of initial sub-region division, sub-region
merging, and sub-region boundary adjustment. Yan
et al. (2020) proposed a two-layer optimization
model for network boundary signal control based on
MEFD, with the goal of maximizing the total output
vehicles and keeping the number of existing vehicles
in each area optimal, and the algorithm proves to be
more effective in the case of uneven traffic flow. .
The main idea of boundary control is to coordinate
the flow in and out at the boundary of the sub-region
divided by MFD (Lin, 2014; Wang et al., 2019; Li et
al., 2021).

To sum up, although MFD research is extensive, it
is rarely involved in how MFD can be used as one
of the optimization objectives to guide the optimiza-
tion of road network signal control strategy. Based
on this, starting from the characteristics of MFD, this
study puts forward the macro efficiency evaluation
indicator of MFD for the operation efficiency of
road network, puts forward the fast modeling
method of MFD under the simulation platform, and
establishes the optimization model of multi-objec-
tive arterial control strategy considering MFD com-
bined with the traditional evaluation indicators.
Combined with the particle swarm optimization al-
gorithm, the performance of the multi-objective
search is further improved.

2. Construction of MFD and macro-evaluation
indicator

2.1. Introduction of MFD

As the basic attribute of the road network, there is a

corresponding MFD for any road network form.

Taking the relationship model between the weighted
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traffic flow in the road network and the weighted
traffic density established by Daganzo, the typical
mathematical representation of MFD is as follows.

z,% 'Zi
Zilf
k= Z[ki 'li

Zili

Where g,,1,,k, are the traffic flow of the i road the

length of the i road, and the traffic density of the i
road. The MFD consists of a series of spatio-tem-
poral scatter points. Daganzo found that the MFD
pattern was closer to a trapezoid (Figure 1). In the
Figure 1, the MFD shape increases with time and
road network density, showing three stages of "free
flow-saturated flow-supersaturated flow". In the
free-flow stage, there is an obvious upward trend. At
this time, the density and flow of the road network
increase steadily, reaching the maximum flow of the

qw =
(M

max

road network g™ . At this time, the operating effi-
ciency of the road network reaches the highest level
and can run at saturation for a period of time; As the
density increases again to the inflection point k° , the
road network is overloaded, the traffic flow drops,
the efficiency drops, and eventually it stagnates
completely at £™* . That is, a three-segment struc-
ture: an ascending segment, a stable segment, and a
descending segment. The linear function expres-
sions corresponding to the three segments are as Egs.

2).

qmax

Weighted traffic flow q¥(veh/h)

k1 k2

kmax

Weighted traffic density k¥(veh/'km)
Fig. 1 Typical MFD configuration

Ak,0<k<k'
g=1q"" k' <k<k ®)
Ak +b,k <k <E™

Compared with the use of exponential functions and
multivariate functions for fitting and modeling, the
three-stage MFD model has the lowest computa-
tional cost in large-scale iterative simulations, and
the discrete points have less interference with the fit-
ting results. Linear fitting results based on measured
data can highly extract the main characteristics of
MFD, and can also conduct intuitive and quantita-
tive evaluation of various indicators of MFD. The
data acquisition of MFD requires a large amount of
detector data support, which is costly and labor-in-
tensive, and the actual detection data integrity is lim-
ited by realistic conditions. Therefore, this study
uses the micro-traffic simulation software Vissim to
obtain the density and flow of each statistical inter-
val of the road network through the acquisition of
the simulated loop detector.

2.2. Macro-evaluation indicator of road network
based on MFD

The traffic network is the organic unity of the travel
activities of the road network. The measurement and
evaluation of the operation efficiency of the road
network should be able to present the traffic effi-
ciency of traffic demand and traffic supply capacity
from a macro perspective. At this stage, delays,
queue lengths, and stop times are all commonly used
indicators for evaluating traffic operation status.
However, due to the aggregated characteristics of in-
dicators, they are mostly used for short-term and
small-scale traffic evaluation. The large-scale road
network traffic evaluation cannot reflect the macro
operation process and efficiency of the road net-
work. Indicators such as average speed and total
traffic flow are too macroscopic. The spatio-tem-
poral driving characteristics of the road network are
covered by a general indicator, and the differences
in indicator values are small, making it difficult to
judge the pros and cons of the strategy. The charac-
teristics of MFD itself include the traffic state of the
road network from free flow to saturated flow,
which can just provide an effective macro evaluation
of the road network. According to the characteristics
of MFD, the following indicators are defined.

(1) MFD ascending segment slope: that is, the ratio
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of ascending segment flow to density. Under the
same road network density, the larger the road
network flow, the greater the slope, which means
that the overall operating efficiency of the free
flow of the road network under the current con-
trol scheme is higher (Chen, 2019). The expres-
sion of the slope 4; is as follows, k' is the ab-
scissa of the inflection point of the ascending
segment and the stable segment in Figure 1.

max

©)

(2) Road network capacity g™ : The existing re-
search defines the road network capacity as the
traffic flow that the road network can carry when
it maintains a good operating state under certain
road conditions and traffic control conditions.
Existing studies have used MFD to evaluate the
capacity of the road network, mostly using the
density k> of the road network at the critical
point in Figure 1 and the maximum flow ¢™" of
the road network as the indicators. Considering
the density &°, it focuses on reflecting the dura-
bility of the maximum flow and the space capac-
ity of the road network, it is difficult to directly
reflect the efficiency of the road network, and it
is also difficult to identify k*> when the network
conditions are not congested or not oversatu-
rated. ¢™
road network traffic flow under the current con-
trol scheme, and ¢
ier to obtain in most network conditions, so it is
defined as the road network capacity.

X

reflects the maximum value of the

max

is more constant and eas-

3.  MFD modeling method based on simulation
Clustering the collected MFD data is a common
method to divide the road network status (Lin et al.,
2020). It is necessary to identify and divide the as-
cending segment, the stable segment and the de-
scending segment in the MFD through clustering.
Gaussian Mixture Model (GMM) is a model-based
method, which assumes that each cluster conforms
to a Gaussian linear model, and finally finds a data
combination that exactly satisfies the model. where
the degree to which the data belongs to the model is
determined by the following probability density
function (Yue et al., 2017).

P(x)= Z¢ip(x ‘ /ui’Uiz)

L )
;Q 2O'i27rexp[ 207 : “4)

Where N is the number of models or clusters, ¢, is

the weight of the i model, p(x) is the probability den-
sity function of the i Gaussian model, where 4, , o

are the corresponding mean and variance, and x is
the sample data. The outstanding advantage of
GMM is that it uses the attribution probability as a
cluster and divides the data by ellipse, so that it has
an excellent effect in clustering curve data.

For the MFD data by simulation, due to the unrea-
sonable combination of input control parameters and
uneven demand distribution, the MFD shape is often
not an ideal three-segment closed trapezoidal curve,
but an irregular discrete point shape. Therefore, if
GMM is directly used to perform MFD three-seg-
ment clustering on the data, it will be far from the
estimated contour shape, and the fitting result will
lose its reference value. Therefore, it is necessary to
simplify and equivalently process the MFD data and
extract the key data points that can characterize the
road network characteristics in the data.

The characterization of the macro-efficiency of the
road network by MFD is mainly reflected in the

X

maximum flow g™

1, the slope A4, of the ascending segment, and the
slope A2 of the descending segment. The three de-
scribe the initial operating efficiency of the road net-
work under free flow, the upper limit of the road net-
work capacity under saturated flow, and the anti-
clogging ability under supersaturated flow. Consid-
ering that MFD will be used as one of the optimiza-
tion targets later, the data points that can character-
ize the "upper limit" and "maximum value" of the
MFD graph should be extracted first. In other words,
the MFD graph should focus on preserving the upper
boundary point of the trapezoidal in Figure 1. The
problem is equivalent to extract the boundary points
near the upper part of the dataset in the two-dimen-
sional space. The "tic-tac-toe" boundary point ex-

of the road network in Figure
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traction method (Qiu et al., 2004) in image pro-
cessing technology was introduced to address the is-
sue.

The boundary points are searched and extracted in
the discrete point set through the "tic-tac-toe" area in
Figure 2, where the center i(k;, ¢:) is the current data
point, R is the radius as the search range, and the
value is the average value between the points in the
data set Euclidean distance, with r; and r: as the hor-
izontal and vertical search distances, whose values
are the average horizontal and vertical distances be-
tween points respectively. Then the search area
around the point is divided into 8 areas. This study
defines that when there are 2 continuous blank areas
in the 8 areas around the point i, the point i is the
boundary point. Since this method focuses on the
search for the boundary points of the trapezoidal
three-segment structure, the area directly below
which marked with a “X” in Figure 2 is not included
in the blank area search.

Iy

x R

e

Fig. 2. "Tic-tac-toe" bo-l-l-ndary point search scheme

> -a) +k k)

R= i=l
N

Z\'(ki _kj)z
e T )

> @ -q,)
VZ — i=1

N

After processing, the MFD shape with only three
boundary points remaining can be obtained. The
number of GMM clusters is set to 3, which corre-
sponds to the three-segment structure in the MFD,

and the linear equation system corresponding to the
three-segment sample set is fitted by the least
squares method. However, in practical applications,
due to the inhomogeneity of road network demand
in space and time, or the road network is far from
supersaturated, the drawn MFD shape is often not an
ideal three-segment closed trapezoid, but an un-
closed one (Fig. 3 b). Approximate parabolic struc-
ture: only ascending and stable segments. Consider-
ing that this study mainly discusses the effect of
MFD on the improvement of road network operation
efficiency, the supersaturated congestion state corre-
sponding to the descending segment is not consid-
ered. Therefore, the three sample sets obtained by
clustering are compared. For non-closed MFD, the
number of GMM clustering is changed to 2. The
steps of MFD acquisition, clustering and fitting are
as follows.

(1) Simulation, take £ as the weighted traffic den-
sity and ¢" as the weighted traffic flow, generate
the MFD data set scatter plot, use the "tic-tac-
toe" boundary search method to traverse all the
data, keep only the boundary points, and obtain
the preliminary MFD graph;

(2) Use GMM to cluster the obtained MFD graph,
the number of clusters is 3, and obtain the sam-

ple set U:{Ua,Ub,UC,} corresponding to the

cluster;
(3) Determine the position

{(ka’qa)7(kb’%)»(k“q()}

of the center point of the three category sample
sets of U from left to right (Figure 3), and deter-
mine the MFD shape according to the spatial po-
sition of the center point. When the MFD is sat-
isfied g, < g, and ¢, < g, , the MFD shape is a

typical three-segment closed trapezoid, as
shown in Figure 3(a). When the above condi-
tions are not met, such as ¢, >gq, , the MFD

form is a non-closed parabolic structure with
only an ascending segment and a stable segment,
as shown in Figure 3(b), at this time, the number
of clusters is changed to 2, and the GMM clus-
tering is performed again, the data set obtained

by clustering is U ={U,,U, } ;
(4) Perform piecewise linear fitting on the final gen-

erated sample set with Egs. (2) to obtain the final
MFD graph.
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Fig. 3. MFD clustering and its fitting results

Using the same MFD data and comparing several
MFD fitting methods (Figure. 4), it can be observed
that although the curve fitted by polynomial is sim-
ple, it is difficult to define the rising slope of the
curve. If GMM clustering is used directly, it is diffi-
cult to divide the trapezoidal structure, and the ob-
tained MFD indicator also loses its representative-
ness. For example, the g”* fitting value is only 1220,
which is obviously not in line with the actual MFD.

segment MFD

If the MFD is more discrete, the above two methods
The obtained indicators are even more distorted. The
use of boundary point extraction and reclustering
preserves the MFD features to the great extent, the
trapezoidal structure can also be accurately divided,
and has excellent adaptability to discrete data sets.
This provides a stable foundation for subsequent it-
erative optimization with MFD indicators.
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4. Arterial coordination control strategy con-
sidering MFD
4.1. Multi-objective optimization model for arte-
rial coordination
The core idea of the arterial coordination signal con-
trol strategy is to maximize the traffic efficiency of
the regional road network through the design of the
signal timing scheme of multiple adjacent intersec-
tions. Minimizing the average delay, queuing length,
and maximizing the green wave bandwidth are com-
mon optimization goals, but such goals often make
the proportion of the green light duration of the re-
gional main road phase too large, and it is difficult
to reflect the road network in long-term simulation.
In order to solve the above problems, this study in-
troduces the slope of the MFD ascending segment
and the road network capacity as the macroscopic
efficiency indicator of the road network to optimize
and solve. The queue length is replaced by the queue
coefficient, which is defined as the sum of the ratios
of the queue lengths to the lane lengths for all lanes.
The multi-objective optimization model of arterial
coordination control considering MFD proposed in
this study is shown below.
mind
F(C,G.offsety = ™ L

max

max g
max A4,

—  \~ queue,

L= ZqT (6)

Con<C2C,,

G/ .G <G/

2.6/ =C

0-C < offset, <C(i #1)

S.t.

In the Egs. (6), d is the average control delay of ve-
hicles in the road network output by the simulation
(s); 4, is the slope of the ascending segment of the
MEFD output by the simulation; the road network ca-
pacity ¢
MEFD; L is the queue coefficient, which is the sum
of the ratio of the average queue length of each lane

to the lane length. The parameters to be solved in
this study are the public cycle of each intersection,

max

is obtained from the stable segment of

the green light time of each intersection phase, and
the initial phase difference of each intersection. In
the Egs. (6), C is the public cycle (s); G/ is the green
light time of the j phase of the 7 intersection (s); off-
set; represents the phase offset between the 7 inter-

section and the first intersection (s), and the offset of
first intersection is set 0.

4.2. Multi-objective  optimization
based on GA-MOPSO

The objective function model in this study contains

four objectives, and the objective parameters to be

solved are closely related. Some indicators such as

algorithm

the ¢™ are difficult to determine the theoretical

maximum value and cannot be normalized. There-

fore, it is suitable to use non-dominated sorting and

intelligent algorithm to solve.

The multi-objective particle swarm optimization

(MOPSO) algorithm is a multi-objective search al-

gorithm that combines traditional particle swarm

PSO algorithm and Pareto sorting. Traditional parti-

cle swarm optimization (PSO) has particle individ-

ual optimal solution and group optimal solution. The
direction and speed of particle group optimization
are jointly determined by the above two parameters.

MOPSO for multi-objective optimization introduces

Pareto sorting on this basis, that is, the current opti-

mal solution is determined by sorting multiple ob-

jective values through Pareto method. MOPSO has
the advantages of fast convergence speed, but its dis-
advantages are poor population diversity and easy to
fall into local optimal solutions. Genetic algorithm

(GA) has remarkable effect in global search ability

and population diversity, and the two algorithms

complement each other (Han et al., 2021; Li et al.,

2022). In this study, the multi-objective particle

swarm optimization (MOPSO) is combined with the

genetic algorithm (GA) operation, that is, on the ba-
sis of the MOPSO, a fast non-dominated, Pareto so-
lution-based multi-objective with selection, crosso-
ver and mutation strategies. The optimization algo-
rithm finally determines the most advantageous so-
lution set in the multi-objective. The solution pro-

cess is as follows (fig. 5.).

(1) Initialize the size of the particle swarm (M=15)
and the initial set of parameters, that is, the pub-
lic cycle, the green light time of each phase of
each intersection, the offset of each intersection,
and set the maximum number of iterations and
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convergence conditions;
Start

Initialize particle swarm

position and velocity
&

COM interface calling
WISSIM simulation

Road network simulation

Update the fitness value of

each particle
&

Particle swarm non dominated

sorting and obtaining gbest
1

data collection

Extracting MFD boundary
points and modeling

GMM clustering and
fitting

Non dominated sorting of historical fitness )
of each particle and obtaining pbest

Obtain evaluation

&
Update the speed and
position of each particle
&

Selection, crossover, variation ‘

indicators

Fig. 5. GA-MOPSO multi-objective optimization framework

(2) The particle swarm changes the signal control

parameters of each intersection through the com
interface of Vissim for simulation, and obtains
the output weighted density and weighted traffic
flow of the road network. Through boundary
point extracting, clustering and fitting, the slope
A, of the MFD ascending segment and the road

X

network capacity ¢™* of the road network are
obtained. The detector obtains the average delay

and queue coefficient;

(3) Perform non-dominated sorting on the historical

solutions of each particle, the most advanced so-
lution set of each particle is recorded as pbest,
and the most advanced solution set of all particle
historical sorting is recorded as gbest;

(4) Update the position and velocity of each particle

as follows:
V.=V, -w+C-r-(pbest,—x,)+C-r-(gbest —x,)

(M
X, =x+V,
Where w is the inertia factor, C is the learning
factor, a random number from 0 to 1, pbest and

gbest are the positions with the best fitness val-
ues of the particle and the particle swarm, re-
spectively, and they are updated in each simula-
tion cycle;

(5) Selection operation of the genetic algorithm, se-

lect one of the particles to re-assign the parame-
ters in the way of roulette;

(6) Crossover operation of the genetic algorithm, the

algorithm choose the real number crossover
method. This method refers to the combination
of parameters of two chromosomes to generate
two new individuals through linear combination,
such as the crossover operation of the particle am
and the particle an at the j position The method
is:

am; =(1-R)am; + Ran,

(®)
an; =(1-R)an; + Ram,
where R is a random number in the interval
[0, 1]. Crossover between the last two chromo-

somes in the parent population;

(7) Mutation operation of the genetic algorithm,

traverse the group of particle, and re-assign the
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value randomly to the chromosome with proba-
bility Pum;

(8) Repeat steps 2-7, and check whether the con-
straints are satisfied in each iteration. When the
convergence conditions are satisfied, the solu-
tion is ended, and the corresponding parameter
value combination with the highest ranking is
the best parameter combination.

5. Empirical Analysis

To verify the effectiveness of the proposed strategy
and algorithm, three adjacent intersections H, I, and
J of Liansheng Road in Dongguan City in China as
the research object (Figure. 6). The measured traffic
flow and signal phase of each intersections during
17:00-18:00 peak hours are shown in Table 1 and
Figure 7.

The research uses python as the programming lan-
guage, and the simulation is done using Vissim mi-
cro-simulation software. The duration of each simu-
lation is set 9000s. In order to observe the traffic

343m

flow of the arterial road network is gradually satu-
rated, the input traffic flow is doubled every hour.
The public cycle time range is 60-200s, the cycle to-
tal loss time is 12s, the phase green light time range
is 12-60s, and the road speed limit is SOkm/h.

In order to verify the effectiveness of the signal con-
trol strategy, three other arterial control methods are
used as comparative experiments: the method in this
study is denoted as model A; Taking delay, queuing
coefficient, and system traffic capacity as the objec-
tive functions, and also using GA-MOPSO to solve
the coordinated control scheme, it is denoted as
model B, in which the system traffic capacity is the
sum of the output traffic flow at the road network
intersection; the arterial coordinated control model
C obtained by the traditional algebraic method; the
four indicators in Egs. (6) are used as the optimiza-
tion objective, but the Model D solved by unmodi-
fied MOPSO. The characteristics of each model are
shown in Table 2. Four control schemes are obtained
from the solution, as shown in Table 3.

vt

640m
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—
—
—
< —

—

(el

1Mr

| =]

JUlL

Fig. 6. Lane graph and Vissim simulation model of Liansheng Road arterial network

Table 1. Liansheng Road peak measured traffic flow(veh/h)

intersection East West South North

L S R L S R L S R L S R
H 100 200 128 266 122 70 70 1119 100 266 1255 209
1 141 328 292 229 230 100 100 768 100 255 875 295
J 100 270 58 264 122 50 100 644 120 133 778 205
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Fig. 7. Signal phase of Liansheng Road intersections (The three intersections have the same phase)

Table 2. Four optimization model features

Queuing

Road network

Model Average delay coefficient max slope 4, capacity Solving algorithm

A N N GA-MOPSO

B v S N GA-MOPSO

C Algebraic method

D v v v N MOPSO

Table 3. Control Schemes of Four Model

Model A B C D

Phase H 1 J H 1 J H I J H I J
1 19 15 13 25 13 26 60 51 74 32 26 33
2 12 13 15 21 21 20 51 60 38 27 20 14
3 12 13 15 12 19 12 29 27 26 22 21 25
4 12 14 12 12 17 12 25 27 27 12 26 21
Offset 0 22 27 0 52 65 0 3 46 0 11 61
Public cycle 67 82 177 105

In order to comprehensively evaluate the advantages
and disadvantages of the four models in the optimi-
zation effect, delay, queue length, MFD indicators,
and system traffic capacity are used as evaluation in-
dicators. The results are shown in Table 4 and Figure
8.

From the results, model A, that is, the multi-objec-
tive algorithm considering MFD, has the best effect
in indicators such as delay and queuing coefficient.
The overall MFD capacity of the road network is
slightly lower than that of model B. The road net-
work capacity under the control scheme of model A
is 1664 veh/h, the slope of the MFD ascending seg-
ment is the largest, indicating that the maximum ca-
pacity is achieved the fastest among the four
schemes, the low density has a higher flow rate, and

Table 4. Effects of four model control schemes

the road network under free-flow state has the high-
est operating efficiency. However, the total delay,
average delay and queuing coefficient of model B
are higher than those of model A. Since the system
capacity is used as the optimization target, its capac-
ity ¢™* and system capacity indicators are slightly
higher than those of model A, indicating that it has a
higher output capacity in the saturated state. The
evaluation indicators of model C and model D are
not ideal. Model D has a better MFD indicator be-
cause it considers the MFD indicators, but it is easy
to fall into the local optimal solution due to the lim-
itation of the MOPSO algorithm. Model C priori-
tizes the green wave bandwidth of the main road,
which leads to a large green light time, a large cycle
time and huge delays on the main road.

Model  Total delay(s) Average delay(s) g)ue?%l;%m ¢ q"*(veh/h) slope 4, fz;;iriltly (veh/h)
A 1038403 33 16.8 1664 28.661 31304
B 1145299 36 19.63 1749 26.087 31433
C 1925712 65 36.81 1621 25.408 29429
D 1273664 48 22.6 1764 26.933 30556
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Fig. 8. MFD of four model signal control schemes

In addition, unreasonable control schemes and di-
versification of road conditions often make traffic
distribution unbalanced, resulting in heterogeneous
road network, high dispersion of MFD, and unstable
state of road network. Therefore, in addition to the
comparison of efficiency indicators, it is also neces-
sary to evaluate the stability of the MFD under each
scheme, and set the mean square error RMSE as the
MEFD stability evaluation indicator, the formula is as
follows.

Z(yg -9
G O]

Where yg is the measured value of the g statistical
interval, and J, is the fitted value. The lower the

RMSE value, the better the fitting effect of the MFD,
the lower the dispersion and the more stable the
MFD. The fitting results and RMSE values of the
above schemes are shown in Table 5 below.

RMSE =

Table 5. MFD stability of four model
All data points Boundary points only
del Ascending

Mo segment Stable seg-  Ascending and stable
RMSE ment RMSE segment RMSE

A 604.4 297.6 80.66

B 842.94 407.84 104.41

C 858.06 638.2 171.67

D 969.5 605.47 119.82

From the MFD form (Figure. 8) and stability results,
the MFD of the four schemes are all two-segment
forms that are not closed, indicating that the four
schemes have not reached the state of oversaturation
or congestion under the existing traffic demand and
supply conditions. Among them, the corresponding
scheme of model A has the largest slope A, from the
MFD graph (Figure. 8), the data points are more
concentrated, showing an obvious ascending and
stable segment state, regardless of whether the non-
boundary is considered or excluded. The RMSE is
the smallest, the fitting effect is the best, and the
MED stability is the best; although the MFD indica-
tors are also considered in model D, resulting in an
unsatisfactory optimization effect. The discreteness
is large, but the capacity ¢" of the stable segment is
the largest; Model C is the traditional algebraic so-
lution method, and the public cycle value is the larg-
est under saturated traffic flow, and the performance
of each indicator is not ideal. It has higher efficiency
in the free flow state of the ascending segment, but
the stable segment is the most discrete under satu-
rated flow and has the phenomenon of "back hyste-
resis", indicating that the traffic flow has a sudden
increase or decrease under this scheme, and the road
network is extremely unstable; Model B does not
consider the MFD indicators, but the delay and
queue length themselves are also considered indica-
tors of traffic efficiency. Therefore, each evaluation
indicator in Table 4 is close to that of model A, but
its MFD stability is worse than that of model A, and
the total delay is also quite different.
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To sum up, the experiments show that in the scenario
of arterial road network and saturated traffic flow,
model A can better take into account the macro and
micro traffic efficiency, the MFD form has strong
stability and controllability, and the improved GA-
MOPSO algorithm is far better than MOPSO, which
proves the effectiveness of the model and algorithm
in this study.

6. Conclusion

The macroscopic operational efficiency evaluation

and optimization of the arterial road network is a

necessary condition for alleviating congestion and

improving regional traffic quality. In previous stud-
ies, the arterial coordinated control scheme has been
proved to be a key factor affecting the form of MFD.

MEFD is also used to test the application effect of sig-

nal schemes.

To this end, we propose a road network performance

evaluation indicator based on the characteristics of

MFD and propose a method for modeling the trape-

zoidal structure of MFD, establish a multi-objective

signal control optimization model considering the
above MFD indicator, and solve it with the GA-

MOPSO algorithm. The following conclusions are

drawn according to the results of empirical analysis:

(1) The three-stage modeling of MFD is simple and
has obvious characteristics, it can establish two
macro-evaluation indicators of road network un-
der free flow and saturated flow. In this study,
boundary point extraction and GMM clustering
are combined for MFD modeling. In order to
avoid the interference of discrete points, and
considering that the optimization goal is to pur-
sue a greater slope of the rising section and the
road network carrying capacity, the MFD
boundary points tend to extract the point set
above the MFD. Experiments show that this ex-
traction and strategy can retain the key features
of MFD and accurately divide two or three seg-
ments of MFD. This method is suitable for most
forms of MFD.

(2) Compared with the original MOPSO, the solu-
tion algorithm using GA fused with MOPSO can
jump out of the local optimum and greatly im-
prove the solution efficiency and effect.

(3) In the saturated flow state, the multi-objective
model considering the MFD indicator has an ad-
vantage in the overall control effect, and the
MFD shape stability is the strongest. However,

in many experiments, this optimization model A
always has one or two indicators that are slightly
lower than model B. The reason may be that the
non-dominated sorting algorithm is not suitable
for optimization of more than three objectives.
On the other hand, the road network efficiency
is also related to the average vehicle delay,
queue length and other indicators, which makes
the results of the two optimization models close.
(4) In this paper, it is feasible to use MFD and its
indicators directly in signal scheme optimization
modeling. In the next work, more general MFD
modeling and optimization methods will be
studied, and the transfer of this research method
to a larger-scale road network will be explored.
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