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ABSTRACT In order to improve the urban traffic operational state of traffic networks, this paper proposed
a new optimal perimeter control strategy based on macroscopic fundamental diagram (MFD). Firstly, the
traffic flow equilibrium model for monocentric region networks was established by analyzing the matching
in-flow and out-flow relationship of adjacent regions, as well as the traffic flow equilibrium model for
multi-region networks. Secondly, an optimal perimeter control model was built, based on the traffic network
state equation and perimeter control condition, to optimize the overall operation benefit of the macroscopic
networks. According to the optimal control condition, the critical in-flow and out-flow rates on the boundary
of the sub-regions could be calculated. And then the optimization method of signal timing for the boundary
intersections was presented with the aim of reducing their saturation degree rapidly. Lastly, the local network
at 1st Ring Road, Chengdu was chosen as the test object to compare the effect of no perimeter control (NPC),
Bang-Bang perimeter control (PC) and optimal perimeter control (OPC) proposed in this paper by simulation.
The result showed that comparewithNPC, PC could improve the overall operation benefit of themacroscopic
networks with 33.73%, while OPC is 57.09%. In the meantime, compare with PC, the accumulating volume
of every sub-region was reduced even bigger under OPC, which meant that OPC could improve road network
operation efficiency and alleviate regional traffic congestion more effectively.

INDEX TERMS Urban traffic, perimeter control, macroscopic fundamental diagram, traffic sub-region,
feedback control.

I. INTRODUCTION
Urban motorization greatly improved the velocity and
intensity of people and freight circulating within and between
cities, which is one of the important driving forces for rapid
development of economic and living standard. At the same
time, urban traffic congestion, especially regional traffic
congestion, often occurs and gradually becomes one of the
obstacles that hinders and limits the sustainable development
of cities. Fortunately, regional control systems such as
TRANSYT, SCATS, and SCOOT was developed, which give
us a solution for urban road network traffic control, but their
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control effectiveness is poor in saturated environments [1].
Control systems based on advanced complex algorithms such
as OPAC [2], RHODES [3], SPOT/UTOPIA [4], etc., are
difficult to apply in real-time traffic congestion control due
to their large computational requirements. In the practice
of regional traffic congestion control, researchers found that
the control strategy should not only focus on the congested
intersections and road segments in the region, but also the
uncongested neighboring regions, exploring the variation of
traffic flow between different regions, avoid the congestion
drifting from one place to another, and achieve effective
regional traffic congestion control. Thanks to the Macro-
scopic Fundamental Diagram (MFD) [5], which established
a unimodal and low-dispersion relationship model between
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the accumulative volume (AV) and flowing-out rate of the
regional road network, providing a theoretical basis and
support for effective regional traffic congestion control.

The physical model ofMFDwas first proposed by Godfrey
in 1969 [5]. Daganzo theoretically proved its existence and
subsequently confirmed the existence of MFD in real traffic
networks based on traffic detection data in Yokohama in
2007 [6], [7], [8]. With more than ten years’ research,
the fundamental characteristics [9], [10], influencing fac-
tors [11], and practical applications [12], [13] of MFD
were developed and numerous research achievements were
obtained. The researches shown that MFD is an inherent
attribute of urban road networks, only related to the road
network itself, and not dependent on the OD distribution and
its changes. The MFD model can intuitively describe the
relationship between accumulative volume and flowing-out
rate of regional road networks [14], [15]. At the same time,
the lower the heterogeneity of the road network, the lower
the degree of MFD dispersion [16]. This characteristic has
led to rapid development and application of perimeter control
strategies in urban traffic congestion control. The perimeter
control, with the controlling of the traffic flow control
facilities, such as the traffic signals, ramps at the boundaries
of the regions, regulating the traffic flowbetween the different
regions to make the accumulative volume in appropriate
range, ensuring efficient operation of the controlled area.
Daganzo first proposed a perimeter control method with the
goal of maximizing the flowing-out rate of a single area
in 2007 and proved that Bang-Bang control is the optimal
control strategy [6]. Subsequent studies by Yang Xiaoguang
and other researchers also proved its effectiveness [17].
Keyvan-Ekbatani et al. proposed a perimeter control model
based on PI gate and verified its robustness [18]. Haddad
and Geroliminis analyzed the stability of perimeter control
in a twin-zone urban traffic system based on MFD [19].
Geroliminis et al. established a perimeter control model based
on traffic flow prediction models, but it is difficult to apply
it to engineering practice due to the limitations of actual
prediction accuracy [20]. Ding et al. established boundary
control models for congested areas in urban road networks
with two sub-regions [21], [22] and multi-regions [23],
respectively, with the objectives of maximizing the comple-
tion rate of vehicles in the road network and minimizing the
number of blocked vehicles at the region boundaries, and
provided corresponding signal timing optimization methods.
Besides, for a typical urban traffic network composed of
freeways and arterials, an integrated control method was
proposed to effectively adjust and coordinate the traffic flow
between the two subnetworks [24]. With the consideration
of real-time traffic flows and queue dynamics, Guo et al.
proposed a perimeter traffic control strategy for single urban
congested region with MFD model and boundary conditions
to improve the efficiency of the protected urban region and
avoid the queue spillbacks at border links [25]. Consid-
ering the poor adaptive ability of traditional PID control,
Yang et al. proposed a method combined MFD and fuzzy

RBF neural network PID, reduced the congestion degree
and improved the efficiency of urban networks [26]. Zheng
and Wu proposed a new traffic control strategy based on
multi-agent reinforcement learning (MARL), which solved
the shortage of lacking feedback of traditional urban traffic
control systems [27]. To adapt the spatial-temporal evolution
of traffic congestion, percolation theory was introduced
by Hamedmoghadam et al. and a traffic signal control
method was proposed with time-varying geometry, which
successfully balances the traffic flow capacity of the network
and improves the performance [28]. To avoid possible long
queues and delays at the perimeter of the controlled area,
Fu et al. using colored Petri Nets established an enhanced
MFD model, which integrated the gated intersections and
segments as the boundary buffers, combined with route
guidance, the integrated perimeter control strategy is effective
in simulation [29]. As the traditional MFD model always
restricted by the heterogeneity of road network, Gao et al.
come up with the road network traffic carrying capacity
model and a new perimeter coordination control framework,
with the simulation based on SUMO software, the proposed
perimeter control strategy is demonstrated to have impressive
performance [30]. In order to cooperate the traffic signals
in urban network, Li et al. developed a higher-order conflict
graph approach to describe the connectivity and traffic flow
movements of the upstream or downstream intersections, then
cooperate multiple inter-sections and make the traffic flow
operating in high efficiency [31]. Dantsuji et al. studied the
travelers’ behavior changes in response to perimeter control
with transit priority in amixed bimodal transportation system,
the result shows that transit priority may not be sufficient to
promote the use of flexible route transit (FRT), and additional
incentive may be required to encourage FRT use during
perimeter control [32]. Under the disruption of extreme
weather events, Zhu et al. proposed a network resilience curve
based perimeter control strategy to facilitate the network
equilibrium [33].
The current research based on MFD has obtained numer-

ous achievements, nonetheless, the majority of studies are
focuses on improving the operation efficiency of inner sub-
regions, while neglecting the impact of perimeter control on
the external sub-regions, which can easily drift the congestion
from inner controlled sub-regions to the uncontrolled external
sub-regions, preventing the whole network from reaching
system optimization. Therefore, this paper proposed an
optimal perimeter control method suitable for multiple
sub-regions to regulates the traffic flow rates entering and
exiting each sub-region to achieve the optimal operation
efficiency of the road network.

The rest of this paper is structured as follows: section II
is the brief introduction to the characteristics of macroscopic
fundamental diagram (MFD). Section III is the methodology,
where subsection III.A is the notations explanations of
symbols and abbreviations, subsection III.B is the traffic flow
balance model for multi-region networks, subsection III.C is
the optimal perimeter control model for multi-region traffic
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networks and subsection III.D is the signal control method
of boundary intersections. Section IV is the experiment and
section V are the discussion and pointers for future research.

II. MACROSCOPIC TRAFFIC CHARACTERISTICS OF
RGIONAL ROAD NETWORK
According to the research results of Daganzo, Geroliminis,
as shown in [6], [7], and [8], for a relatively homogeneous
road network, there is a certain relationship between the
accumulative volume, n(t), and the flowing-out rate, qout(t),
which is called the Macroscopic Fundamental Diagram
(MFD), as shown in Fig. 1.

FIGURE 1. Macroscopic fundamental diagram of traffic network.

The MFD has the following main characteristics:
① There is a basic trend between the flowing-out rate of

the road network (including the flow arrive at the destination
within the area and the flow out of the area) and its
accumulative volume. When the accumulative volume, n(t)
is small, the flowing-out rate, qout(t) will increase with the
accumulative volume synchronously, and the two parameters
roughly show a linear relationship. When n(t) increases to the
critical accumulative volume, n̂, qout(t) will show a certain
degree of instability. As n(t) continues to increase, qout(t)
will gradually decrease until the road network is completely
congested, at which point the accumulative volume of the
road network reaches the maximum value, nmax, and the
flowing-out rate of the road network, qout(t), approaches 0.
This relationship can be fitted with a cubic function.

② Hysteresis phenomenon. When the accumulative vol-
ume, n(t) approaches or reaches the critical accumulative
volume, the flowing-out rate, qout(t) begins to be unstable.
If the accumulative volume continues to increase, the
flowing-out rate starts to decrease. Even if the accumulative
volume decreases below the critical accumulative volume in
a short time, it is difficult for the flowing-out rate of the road
network to quickly recover to the original level, but there will
be a certain degree of growth as the accumulative volume of
the road network decreases.

With regard to the shape of the MFD, early studies
generally believed that it was triangular, while subsequent
studies suggested that it is close to trapezoidal, and can
be represented by a cubic equation qout(t) = a × n3(t) +

b × n2(t) + c × n(t) + d. Based on the characteristics of the
MFD, in perimeter control practice, the accumulative volume

TABLE 1. Symbols and abbreviations used in this paper.

of the road network, ñ, should be controlled slightly below the
critical accumulative volume, as shown in Fig. 1, to ensure the
effectiveness of the perimeter control strategy.

III. METHODOLOGY
A. NOTATIONS
To improve the clarity of descriptions and explanations
related to urban transportation network analysis and optimal
perimeter control, we have compiled a detailed list of symbols
and abbreviations used in this paper. For their comprehensive
representation, please refer to Tab. 1.

B. TRAFFIC FLOW BALANCE MODEL FOR MULTI-REGIONS
NETWORK
1) TRAFFIC FLOW EQUILIBRIUM MODEL FOR
MONOCENTRIC REGION NETWORK
As shown in Fig. 2, the city’s traffic network is divided
into N sub-regions. Assuming that every sub-region has a
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FIGURE 2. Schematic of a multi-region network with macroscopic
fundamental diagram.

well-defined macroscopic fundamental diagram (MFDi, i =

1, 2, . . . , N ), where ni(t) represents the accumulative volume
of sub-region i at time t . Correspondingly, nmaxi represents the
maximum accumulative volume of sub-region i, qin(t) and
qout(t) represent the traffic flow rates entering and leaving
sub-region i at time t , respectively. According to the law
of flow conservation, for any sub-region i, the accumulative
volume at time t is:

ni (t) =

∫ t

t0
[qiin (t) − qiout (t)] dt + ni (t0) (1)

where ni(t0) is the initial accumulative volume of sub-region
i at the initial time, t0. By differentiating both sides of
equation (1), the traffic flow balance equation for sub-region
i at time t is:

dni (t)
dt

= qiin (t) − qiout (t) (2)

Define piin(t) is the entering traffic flow rate through the
boundary of sub-region i, diin(t) is the entering traffic flow
rate originate from sub-region i itself, while piout (t) is the
leaving traffic flow rate through the boundary of sub-region
i and diout (t) is the leaving traffic flow rate with sub-region i
as the destination. It is obvious that:

qiin (t) = piin (t) + diin (t) (3)

qiout (t) = piout (t) + diout (t) (4)

Based on the position and physical meaning of the
boundary, the traffic flow, piin(t) and piout (t), which entering
and leaving sub-region i through the boundary, are controlled
by the boundary signals, while diin(t) and diout (t), as sub-
region i is the origin and destination, cannot be controlled by
the boundary signal. Assume that the traffic flow rate entering
the sub-region through its boundary, piin(t), is distributed in
a stable proportion to the total flowing-in rate, qiin(t), as well
as the relationship between piout (t) and qiout(t). Define the
proportion as αiin and αiout , then we can obtain:{

αiin = piin (t)
/
qiin (t)

αiout = piout (t)
/
qiout (t)

(5)

Combine equation (3), (4) and (5), the relationship between
diin(t) and qiin(t), diout (t) and qiout(t) can be deduced as
follows: {

diin (t) = qiin (t) (1 − αiin)

diout (t) = qiout (t) (1 − αiout)
(6)

According to the 1st characteristic of the macroscopic
fundamental diagram of the regional network: the outflow of
sub-region i is a function of its accumulative volume, i.e.:

qiout (t) = Oi (ni (t)) (7)

where Oi refers to the relationship between qiout (t) and ni(t).
At the same time, based on thematching relationship between
sub-region i and other sub-regions in Fig. 2, the boundary
flowing-in rate of sub-region i can be expressed as:

piin (t) =

N∑
j=1

βji (t) pjout (t)

=

N∑
j=1

βji (t) αjoutOj
(
nj (t)

)
(8)

where βji is the ratio of the traffic flow rate entering sub-
region i from sub-region j to the total boundary outflow rate of
sub-region j,

∑N
i=1 βji = 1, and when sub-regions i and j are

not adjacent, βji =0. Furthermore, when j = i, βji =0, as the
traffic flow with the origin and destination in the sub-region
itself cannot be controlled by the boundary signals. αjout is
the proportion of the boundary outflow of sub-region j to its
total outflow.

FIGURE 3. Diagram of monocentric region network with macroscopic
fundamental diagram.

For example, a typical monocentric traffic network,
as show in Fig. 3, sub-region 1 is the central region and
surrounded by sub-region 2 and sub-region 3, then the
boundary flowing-in rate of sub-region 1 is:

p1in (t) =

3∑
j=1

βj1 (t) pjout (t)

= β21 (t) p2out (t) + β31 (t) p3out (t)

= β21 (t) α2outO2 (n2 (t)) + β31 (t) α3outO3 (n3 (t))

(9)
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Similarly, the boundary flowing-in rate of sub-region 2 and
sub-region 3 can be obtained as follows:

p2in (t) =

3∑
j=1

βj2 (t) pjout (t)

= β12 (t) p1out (t) + β32 (t) p3out (t)

= β12 (t) α1outO1 (n1 (t)) + β32 (t) α3outO3 (n3 (t))

(10)

p3in (t) =

3∑
j=1

βj3 (t) pjout (t)

= β13 (t) p1out (t) + β23 (t) p2out (t)

= β13 (t) α1outO1 (n1 (t)) + β23 (t) α2outO2 (n2 (t))

(11)

Combined with equation (2)-(5), the traffic flow balance
equations of the three sub-regions in Fig. 3 can be derived
as:

dn1(t)
/
dt = q1in(t) − q1out (t)

=
(
1
/
α1in

)
p1in − q1out (t)

=
(
1
/
α1in

)
[β21(t)α2outO2 (n2(t))

+β31(t)α3outO3 (n3(t))] − O1 (n1(t)) (12)

dn2(t)
/
dt = q2in(t) − q2out (t)

=
(
1
/
α2in

)
p2in − q2out (t)

=
(
1
/
α2in

)
[β12(t)α1outO1 (n1(t))

+β32(t)α3outO3 (n3(t))] − O2 (n2(t)) (13)

dn3(t)
/
dt = q3in(t) − q3out (t)

=
(
1
/
α3in

)
p3in − q3out (t)

=
(
1
/
α3in

)
[β13(t)α1outO1 (n1(t))

+β23(t)α2outO2 (n2(t))] − O3 (n3(t)) (14)

Based on the above analysis, the traffic flow balance
equation for sub-region i with multi-adjacent regions can be
derived as follows:

dni (t)
dt

= qiin (t) − qiout (t)

=
(
1
/
αiin

)
piin (t) − qiout (t)

=
(
1
/
αiin

) N∑
j=1

βji (t) αjoutOj
(
nj (t)

)
− Oi (ni (t)) (15)

2) TRAFFIC FLOW EQUILIBRIUM MODEL FOR MULTI-REGION
NETWORKS
For convenience of calculation, introduce the Hadamard
Product matrix operator ‘‘◦’’ and define the element-division
operator ‘‘•/’’: for any two matrices with same size, X, Y∈

RM×N , the matrix Z = X◦Y = [(xij) × (yij)], K = X•/Y =

[(xij) ÷ (yij)].
Extend the monocentric region traffic flow equilibrium

model, as shown in equation (15), to a multi-region network,

we can obtain the multi-region network traffic flow equilib-
rium model as follows:

dn(t)
dt

= A ◦ {B(t) [αout ◦ O (n(t))]} − O (n(t)) (16)

where n(t) ∈ RN represents the accumulative volumes of
the sub-regions, A= [1/αiin] ∈ RN represents the proportion
vector of the total flowing-in rates and the entering traffic
flow rate through the boundary for every sub-region, B(t) =

[βji(t)] ∈ RN×N represents the proportional distribution
matrix of the outflow through the boundary from every
sub-region to its adjacent sub-regions. Since the internal
flowing-in and flowing-out flow within every sub-region is
not considered, βii = 0. αout ∈ RN represents the proportion
of boundary outflow and total outflow of every sub-region,
O(n(t)) ∈ RN represents the outflow of the sub-regions,
which is a function of the accumulative volume of every
sub-region.

C. OPTIMAL PERIMETER CONTROL MODEL FOR
MULTI-REGION NETWORK
1) NETWORK TRAFFIC STATE EQUATION
According to the 1st characteristic of macroscopic funda-
mental diagram of the regional network, it can be known
that for any sub-region i, there exists a critical accumulative
volume (i = 1, 2, . . . , N ), under which the outflow rate of
sub-region i will reach its maximum value. At this point, the
nonlinear model in equation (15) will satisfy the following
equation at a set of stationary points,

(
n̂i, β̂ji

)
of the MFD of

sub-region i:

dni (t)
dt

=
(
1
/
αiin

) N∑
j=1

β̂ji (t) αjoutOj
(
n̂j (t)

)
− Oi

(
n̂i (t)

)
= 0 (17)

Let 1x = x − x̂ and apply it to all variables, then unfold
equation (17) at the stationary point,

(
n̂i, β̂ji

)
, using the

first-order Taylor series:

d (1ni(t))
dt

= 1n•
i (t)

=
1

αiin

N∑
j=1

1βji(t)αjoutOj
(
n̂j(t)

)
+

1
αiin

N∑
j=1

β̂ji(t)αjoutO
′
j
(
n̂j(t)

) (
1nj(t)

)
− O′

i
(
n̂i(t)

)
(1ni(t)) (18)

By extending equation (18) to a multi-region network as
shown in Fig. 2, the network traffic state equation (in vector
form) can be obtained as follows:

1
•
n(t) = C1n(t) + D1β(t) (19)

where 1n(t) ∈ RN is the state difference vector, 1ni =

ni − n̂i, which represents the difference between the
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accumulative volume vector and the critical accumulative
volume vector of every sub-region. 1β (t) ∈ RM is the
control difference variable,1βji = βji−β̂ji, which represents
the difference between the proportional outflow distribution
vector and its critical distribution vector of every sub-region,
distributed by column. C and D are the state matrix and
control matrix, C ∈ RN×N is a square matrix with its
diagonal elements can be expressed as Cii = −O′

i

(
n̂i (t)

)
,

and if sub-region j is adjacent to sub-region i, Cji =(
αjout

/
αiin

)
β̂jiO′

j

(
n̂j (t)

)
; otherwise, Cji = 0. D ∈ RN×M

is a matrix based on the number of sub-region divisions
and their adjacency, M ≤ N 2, if sub-region j is adjacent
to sub-region i, Dji =

(
αjout

/
αiin

)
Oj

(
n̂j (t)

)
; otherwise,

Dji = 0.

2) CONTROL AT THE SUB-REGION BOUNDARIES
In order to achieve the optimal operating state of the
road network, it is necessary to adjust and control the
flowing-in rates of the sub-regions from their adjacent
sub-regions based on the MFD theory, that is, adjust
the adjacent sub-regions’ boundary outflow distribution
matrix B(t).

When the macroscopic fundamental diagram of every
sub-region in the network are determined, the critical
accumulative volume and outflow rate are also determined.
The operating state of every sub-region can be optimized
dynamically by adjusting the flowing-in rates.

In perimeter control practice, due to the restrictions of
the minimum green time and the maximum cycle time, the
proportion distribution of boundary flows of all sub-regions
needs to satisfy:

βji,min ≤ βji (t) ≤ βji,max (20)

where βji,min and βji,max are the minimum and maximum
outflow proportions, respectively, under the conditions of the
minimum green time and themaximum cycle time, and βji,min
>0, which is the guarantee to avoid overflow in the target
region.

At the same time, in order to reduce the impact of
overflow on the overall performance of the network, at any
time during the control process, the accumulative volume
ni(t) of every sub-region should satisfy the following
constraint:

0 ≤ ni (t) ≤ ni,max (21)

3) CONTROL SYSTEM OBJECTIVES AND CONTROLLER
DESIGN
For a monocentric road network, the control objective is to
minimize the travel time, including the waiting time at the
boundaries and the travel time in the network. In order to
achieve this objective, the common control strategy is the
Bang-Bang control, which means that if the accumulative
volume in the road network not exceeding the critical
accumulative volume, vehicles enter the controlled road

network at the maximum flowing-in rate; once the accu-
mulative volume exceeds the critical accumulative volume,
the flowing-in rate is quickly reduced to the minimum. The
control strategy can be expressed as:

qin(t) =

{
qmax if n (t) < n̂
qmin else

(22)

where qmax and qmin are the maximum and minimum
flowing-in rates, respectively. It has been proven that
Bang-Bang control has good control effects on relatively slow
dynamic systems, but the switching between maximum and
minimum flowing-in rates can cause system oscillations.
For a macroscopic traffic network with multiple sub-

regions, the control objective should be maximizing the total
outflow of the network as a whole. However, if every sub-
region adopts the Bang-Bang control strategy separately,
it will cause uneven distribution of the accumulative volumes,
enhance heterogeneity among controlled sub-regions, and
reduce the total outflow of the network, thereby reducing the
operational efficiency of the network. In order to maximize
the total outflow of the network with multiple sub-regions,
it is necessary to not only consider the accumulative volumes
of every sub-region, but also consider the distribution
of interchange volumes at the boundaries of every sub-
region. By adjusting the green signal ratio distribution
matrix of boundary intersections to control the flowing-out
rates distribution proportion, βji, make it near the critical
distribution proportion, so as the accumulative volumes of
every sub-region close to their critical accumulative volumes,
ensuring the maximization of the outflow rates of every
sub-region. Therefore, the objective of maximizing the total
outflow can be decomposed into: ① minimize the difference
between the accumulative volumes of every sub-region
and their critical accumulative volumes, ② minimize the
difference between the proportional outflow rates from
adjacent sub-regions and their critical outflow rates, that is:

8 (n, β) = min
∫ tf

t0

(∥∥1n(t) • /n̂
∥∥2 +

∥∥∥1β(t) • /β̂

∥∥∥2)dt
(23)

where 8(n, β) is the performance index of the controlled
network’s operational efficiency, t0 and tf are the starting
and ending time of the control strategy, 1n (t) = n (t) − n̂
and 1β (t) = β (t) − β̂ are the state difference variables and
control difference variables of the multi-region network,
respectively. The element-division operation is proposed
for non-dimensional standardization of the state difference
variables and control difference variables.

Since traffic control system is a discrete in time and has a
certain periodicity, equation (23) can be simplified as:

8 (n, β)

= min
∫ t0+k1t

t0+(k−1)1t

(∥∥1n(t) • /n̂
∥∥2 +

∥∥∥1β(t) • /β̂

∥∥∥2)dt
(24)
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In order to minimize the state and control differences of
every sub-region under the constraint of the macroscopic traf-
fic network state equation (19), the designed multi-variable
feedback control is as follows:

β(t) = β̂ − K
(
n(t) − n̂

)
(25)

where K is the steady-state solution of the Riccati equation
corresponding to the network traffic state equation at time t ,
as shown in [34], which only depends on the state matrix C
and control matrix D.

D. PERIMETER SIGNAL CONTROL METHOD
The optimal perimeter control model of the multi-region net-
work mentioned above can effectively determine the outflow
and their proportional distribution of every sub-region to
its adjacent sub-regions. However, the traffic flow exchange
between adjacent sub-regions is completed through boundary
intersections, so corresponding boundary intersection control
methods need to be designed.

FIGURE 4. Diagram of perimeter control for two adjacent sub-regions.

Taking Fig. 4 as an example, i and j are adjacent
sub-regions, intersection groups 2, 3, 4, and 5, 6, 7 are
signal-controlled intersections at the boundaries of the two
sub-regions, relatively. As the sub-region boundary is an
artificial virtual boundary, the transformation of the traffic
flow between adjacent sub-regions are all completed through
boundary intersections. Adjusting the signal timing parame-
ters of intersections 2, 3, 4 can dynamically adjust the traffic
flow from sub-region i to sub-region j. Correspondingly,
adjusting the signal control parameters of intersections 5,
6, 7 can regulate the traffic flow from sub-region j to sub-
region i. ensure the smooth transportation channel between
adjacent sub-regions, avoiding traffic congestion and over-
flow between adjacent sub-regions due to the lack of coordi-
nation of signal timing parameters at adjacent intersections,
which would affect the effectiveness of boundary control.

In order to control the traffic flow rate from sub-region i to
sub-region j, assuming that there are m channels connecting
the two sub-regions, and the lth channel connects n flow
directions from sub-region i to sub-region j, the minimum
traffic volume from sub-region i to sub-region j in period t is:

qij,min (t) =

m∑
l=1

n∑
h=1

qlh,min (t) (26)

where qlh,min(t) is the minimum traffic volume entering the
channel from phase h of the intersection on the boundary of

sub-region i of the lth channel in time period t; l = 1, 2, . . . ,
m; h = 1, 2, . . . , n.
Similarly, in period t , under the constraints of the

maximum green time and maximum cycle length for each
phase, the maximum traffic volume from sub-region i to sub-
region j is:

qij,max (t) =

m∑
l=1

n∑
h=1

qlh,max (t) (27)

where qlh,max(t) is the maximum traffic volume entering the
channel from phase h of the intersection on the boundary of
sub-region i of the lth channel in time period t; l = 1, 2, . . . ,
m; h = 1, 2, . . . , n.
As mentioned earlier, the proportion of traffic flow from

sub-region i to sub-region j in time period t , is a proportion of
the total outflow from the boundary of sub-region i, is denoted
as βij(t). The traffic flow from sub-region i to sub-region j in
time period t can be calculated as:

qij (t) = βij (t) αi,outOi (t) (28)

①When qij(t)≤ qij, min(t), then the actual traffic flow from
sub-region i to sub-region j is itself, and the green signal ratio
for each intersection phase can be set to λlh, min(t).

②When qij(t)≥ qij,max(t), then the actual traffic flow from
sub-region i to sub-region j is the maximum traffic volume
qij,max (t), and the green signal ratio for each intersection
phase should be set to λlh, max(t).

③ When qij, min(t) < qij(t) < qij, max(t), then there can
be multiple assignment schemes for the traffic flow from
sub-region i to sub-region j, such as equal distribution.
However, considering that the capacity of each intersection
on the boundary may be different due to the location, traffic
conditions, geometric parameters, etc., equal distribution
may result in significant differences in saturation levels at
different intersections. It is preferable to prioritize reducing
the saturation of the intersectionswith higher saturation levels
to improve the overall traffic efficiency of the intersections at
the sub-region boundary.

In the perimeter control, assuming that the saturation flow
at the intersection on the lth channel of the boundary of
sub-region i is Si l, then the green signal ratio of phase h,
λlh(t) is approximately equal to its saturation level, i.e., under
the conditions of the minimum traffic volume qlh,min(t) and
maximum traffic volume qlh,max(t), the green signal ratio are: λlh,min (t) = qlh,min (t)

/
S il

λlh,max (t) = qlh,max (t)
/
S il

(29)

Assume λlh,ini(t) is the initial green signal ratio of phase h
on the lth channel, and qlh,ini(t) is the initial traffic volume
for the corresponding phase. The remaining saturation level
(green signal ratio) for this phase is:

λlh,sur (t) = λlh,max (t) − λlh,ini (t) (30)
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FIGURE 5. Experimental network (a) satellite map and (b)sub-region division result.

After the initial assignment, the remaining undistributed
traffic flow from sub-region i to sub-region j, qij,sur(t), is:

qij,sur (t) = qij (t) −

m∑
l=1

n∑
h=1

qlh.ini (t) (31)

In order to achieve the goal of quickly reducing the
saturation level at intersections with high saturation levels
during the distribution of remaining boundary traffic flow,
the remaining saturation levels of each phase are used to
proportionally distribute the traffic flow. The adjusted traffic
flow for each phase at the boundary is:

1qlh (t) = qij,sur (t)
λlh,max − λlh,ini (t)

m∑
l=1

n∑
h=1

[
λlh,max − λlh,ini (t)

] (32)

The corresponding adjustment amount for the green signal
ratio of the phase is:

1λlh (t) =
1qlh (t)
Slh

(33)

The parameter allocation steps formulti-sub-region bound-
ary control are as follows:

Step 1: Set the initial green signal ratio for each phase of
the boundary intersection from sub-region i to sub-region j as
the minimum green signal ratio, i.e., λlh,ini (t) = λlh,min(t).

Step 2: Solve for the green signal ratio increment 1λlh
for every phase of the boundary intersections through
equations (30) to (33).

Step 3: Determine the adjusted initial green signal ratio as
λlh, ini (t + 1t) = λlh, ini (t) + 1λlh.
Step 4: Check all phases for the presence of λlh,ini(t +1t)

> λlh,max(t), if not, go to Step 7; Otherwise, go to Step 5.
Step 5: For λlh,ini(t + 1t) > λlh,max(t), which means the

phase has overflowed, then set the green signal ratio to the
maximum value λlh,max(t), and convert the excess ratio into
new undistributed traffic flow qij,sur(t).
Step 6:Remove the phases with their green signal ratio has

reached the maximum value, update the other phases’ initial

green signal ratio to λlh,ini(t + 1t), then return to Step 2 to
redistribute the remaining traffic flow qij,sur(t).

Step 7: Distribution is completed, monitor the accumula-
tive volume of the sub-region and move on to the next cycle.

The obtained green signal ratios for the phase can be
used as the signal timing parameters for the boundary
intersections. As the traffic flow is bidirectional between the
adjacent sub-region i and sub-region j with different flow
rates, the signal timing parameters of the different traffic flow
directions should be different, the asymmetric phases can be
used for control parameter design.

IV. EXPERIMENTAL ANALYSIS
A. EXPERIMENTAL NETWORK AND ITS MFD
As show in Fig. 5(a), there is a partial road network of the
Chengdu city’s First Ring Road. Due to differences in road
grades, this road network exhibits significant heterogeneity
in different areas. To model the macroscopic road network,
detectors are set on each road segment, and based on the
distribution characteristics of traffic flow density in the
network, it is divided into four sub-regions as shown in
Fig. 5(b). Sub-region 1 is the central area of the road
network, which is easily occur traffic congestion. During
peak periods, it is necessary to quickly evacuate traffic flow
from sub-region 1 to its circumjacent sub-regions to alleviate
congestion. The parameters for the entire road network and
the four sub-regions, such as area, number of road segments,
length of road segments, number of intersections, and signal
timing, are shown in Tab. 2.
The experiment road network consists of 311 intersections

and 303 road segments with lengths ranging from 200 meters
to 1600 meters. The free-flow speed is 60 km/h on the First
Ring Road, Renmin South Road, Xinhua Avenue, and Shudu
Avenue, and 40 km/h on the other roads. The intersections on
the boundary of the current road network are all controlled
by multi-phase fixed-time signals. The signal cycle of the
boundary intersections on the First Ring Road is 148s, and
the signal cycle of other boundary intersections ranges from
74s to 148s.
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TABLE 2. Road network basic parameters.

FIGURE 6. Macroscopic fundamental diagrams (a) Entire traffic network; (b) Sub-region 1; (c) Sub-region 2; (d) Sub-region 3;
(e) Sub-region 4.

Based on the traffic data during morning and evening
peak periods on August 12, 2019, and through simulation
testing, the MFDs of the entire traffic network and the
four sub-regions are obtained as shown in Fig. 6(a) to
Fig. 6(e). The macroscopic fundamental diagram parameters,
critical accumulative volume and maximum accumulative
volume for the entire network and the four sub-regions
are obtained based on parameter calibration, as shown in
Tab. 3.

B. PERIMETER CONTROL SETUP
For comparison, three control schemes are studied in this
study: no perimeter control (NPC), perimeter control (PC)
with Bang-Bang control at the boundary of the central sub-
region, and the optimal perimeter control (OPC) proposed
in this paper. In the implementation of each control scheme,
considering the pedestrian crossing time, signal split and
maximum green period, the signal cycle range of the
boundary intersections is set to [60s, 240s], and the green
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TABLE 3. Calibration and characteristic parameters of MFDs for each road network.

light time range for every phase is [15s, 60s]. The saturation
flow rate for every approach is Sh = 1400pcu/h/ln. Based
on the critical accumulative volume, maximum outflow, and
adjacency conditions of every sub-region, the critical propor-
tion distribution vector of the boundary outflow is calculated
as β̂ji = [β11 β21 β31 β41 β12 β22 β32 β42 β13 β23 β33 β43 β14
β24 β34 β44] T = [0 0.25 0.35 0.30 0.40 0 0.35 0.30 0.30 0.40 0
0.40 0.30 0.35 0.30 0] T. Then, take the minimum green light
time and the longest cycle time as constraints, the minimum
andmaximumproportion distribution vectors of the boundary
outflow are set as β ji,min = 0.2T (j ̸= i) and β ji,max = [0 0.60
0.55 0.5 0.50 0 0.40 0.30 0.45 0.35 0 0.35 0.45 0.35 0.40
0] T. The proportion of the entering traffic flow through the
boundary to the total entering traffic flow in every sub-region
is αiin = 0.50T, and the proportion of leaving traffic flow
through the boundary to the total leaving traffic flow in every
sub-region is αiout = 0.50T.

C. SIMULATION ANALYSIS
At the initial time of the simulation, the accumulative volume
in sub-region 1, 2, 3, and 4 are 1500pcu, 2000 pcu, 2000 pcu,
and 2000 pcu respectively. The initial proportion distribution
vector of the boundary outflow is [0 0.25 0.35 0.30 0.40 0 0.35
0.30 0.30 0.40 0 0.40 0.30 0.35 0.30 0] T. The accumulative
volume in every sub-region is collected every 5 minutes, and
then the signal control parameters at the sub-region boundary
are calculated based on the Bang-Bang control scheme at the
boundary of the central sub-region and the optimal perimeter
control scheme proposed in this study to adjust the boundary
outflow in every sub-region. The Bang-Bang control scheme
at the boundary of the central sub-region uses Equation (22)
to calculate the signal control parameters, while the optimal
perimeter control scheme uses Equation (19) as the network
traffic state equation. Under the constraints of Equation (20)
∼ (21), the goal is to minimize the difference between the
accumulative volume and the critical accumulative volume in
the road network, as given by Equation (24), to determine the
adjustment of the proportion distribution vector among the
sub-regions in next 5 minutes. During the simulation process,
the accumulative volume in the road network is as shown in
Fig. 7 and Tab. 4.
As show in Fig. 7, it can be observed clearly that without

boundary control, sub-region 1 is congested for most of the
simulation time, especially from 80minutes and 220minutes,

it is almost gridlocked. Sub-region 2 and 3 are congested
either, only while sub-region 4 operate in a stable state.
Under the central sub-region perimeter control scheme,
sub-region 1 always maintains good operation state, but
this control scheme traps vehicles outside the central sub-
region, resulting in severe congestion in sub-regions 2 and
4 after 200 minutes, and sub-region 3 is congested between
150 minutes and 210 minutes. Under the optimal perimeter
control scheme, except for sub-region 3, which is mildly
congested between 110 minutes and 155 minutes, the other
sub-regions are always in good operation state.

Tab. 4 shows the comparison of the three control strategies.
In contrast with the NPC scheme, the PC scheme increases
the average accumulative volume of the entire road network
by 2.23%, and the average accumulative volume change rates
for the sub-region 1, 2, 3 and 4 are -45.75%, 10.48%, -6.51%,
and 55.61% respectively. This indicates that the PC scheme
can effectively improve the operational efficiency of the
central sub-region, but the efficiency of the adjacent external
sub-regions cannot simultaneously improve. On the other
hand, compare to NPC scheme, the OPC scheme reduces
the average accumulative volume of the entire road network
by 37.24%, with corresponding changes rates for the four
sub-regions are -46.54%, -52.42%, -22.75%, and -11.95%
respectively, indicating that the OPC scheme can not only
effectively improve the operation of the central sub-region,
but also improve the traffic conditions of adjacent external
sub-regions.

During the simulation period, the overall average opera-
tional benefits of the controlled road network under the three
control schemes are as follows: NPC 326.28, PC 216.22,
OPC 140.00. Compared to the NPC scheme, the benefits of
the PC scheme change by -33.73%, and the OPC scheme is
-57.09%. According to the definition of operational benefits
in Equation (23), it can be concluded that the traffic operation
of the entire road network is best under the OPC scheme,
followed by the PC scheme, and the NPC is the worst.

V. DISCUSSION AND FUTRUE RESEARCH
In this work, we first established a multi-region network
traffic flow equilibrium model based on the macroscopic
fundamental diagram theory urban transportation networks,
then, a multi-region network optimal perimeter control
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FIGURE 7. Accumulative volume(a) sub-region 1; (b) sub-region 2; (c) sub-region 3; (d) sub-region 4.

TABLE 4. The average accumulative volume and change rate.

model was proposed and the corresponding signal control
algorithm for boundary intersections was developed either.
Through simulation analysis and experimental comparison,
the accumulative volume and operational benefits of every
sub-region and the entire road network under three control
schemes, namely, no boundary control (NPC), perimeter
control (PC) and optimal perimeter control (OPC), have been
analyzed. The results shown that under the proposed optimal
perimeter control scheme (OPC), the operational benefits
of the road network are improved by 57.09%, compared to
no boundary control (NPC), as well as the improvement of
perimeter control (PC) scheme is 33.73%, indicates that both
PC and OPC scheme can effectively improve the operational
efficiency of the regional road network and alleviate traffic
congestion, with the OPC scheme showing better results.

The OPC scheme can make the accumulative volume of
vehicles in every sub-region closer to their critical accumula-
tive volume, consequently, the spatial-temporal distribution
of vehicles will more reasonable and the traffic operation
efficiency will be improved and the global optimum can be
approached. However, the actual traffic environment is quite
complex, as the multi-entrances and exits on the road seg-
ments cannot be effectively controlled, and the mix of various

vehicle types and non-motorized vehicles also increases the
complexity of management. The application of the OPC
strategy in actual traffic networks also requires permission
and coordination of the traffic management department,
as well as the multi-category traffic information collection
and signal control facilities, is also a great challenge.

The research results of this study provide a new
approach and method for perimeter control of heterogeneous
multi-region traffic networks. However, the study ignores
the influence of perimeter control strategy on the MFD
curve of every sub-region and the spatial-temporal shift
of traffic congestion. Further research and exploration are
needed to quantitatively analyze and describe these factors.
In the meantime, there are various new methods, such as
deep learning and reinforcement learning, can be utilized for
making optimal perimeter control in the future work.
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