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Abstract:
The feedback control based on the model and method of iterative learning control, which in turn is based on the
macroscopic fundamental diagram (MFD), mostly belongs to the classification of single-layer boundary control method.
However, the feedback control method has the problem of time delay. Therefore, a feedforward feedback iterative learning
control (FFILC) method based on MFD of the multi-layer boundary of single-area oversaturated intersections is proposed.
The FFILC method can improve the effectiveness of boundary control and avoid the time-delay problem of feedback
control. Firstly, MFD theory is used to determine the MFD of the control area; the congestion zone and the transition zone
of the control area are identified; and the two-layer boundary of the control area is determined. Then, the FFILC
controllers are established at the two-layer boundary of the control area. When the control area enters into a congestion
state, the control ratio of traffic flow in and out of the two-layer boundary is adjusted. The cumulative number of vehicles
in the control area continues to approach the optimal cumulative number of vehicles, and it maintains high traffic efficiency
with high flow rates. Finally, The actual road network is taken as the experimental area, and the road network simulation
platform is built. The controller of the feedforward iterative learning control (FILC) is selected as the comparative
controller and used to analyse the iterative effect of FFILC. Improvements in the use of traffic signal control indicators for
the control area are analysed after the implementation of the FFILC method. Results show that the FFILC method
considerably reduces the number of iterations, and it can effectively improve convergence speed and the use of traffic
signal evaluation indicators for the control area.
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1. Introduction
Alleviating urban traffic congestion is a difficult
problem in the development of major cities (Zhao et
al., 2018; Klos and Sobota, 2019), especially in the
traffic control of oversaturated intersections. Recent
studies have shown that the macroscopic fundamental diagram (MFD) can effectively manage and control inflow traffic to a target area (network). The
concept of MFD was first proposed by Godfrey in
1969(Godfrey, 1969), but its theoretical principle
has not been elaborated until 2007 by Daganzo and
Geroliminis et al. (Daganzo,2007;Geroliminis and
Sun, 2011). MFD, which is believed to be an inherent attribute of road networks, objectively reflects
the relationship between aggregated traffic variables
such as the weighted traffic flow and the weighted
traffic density, or the number of vehicles and network throughput.
Since the discovery of MFD, some scholars have
studied the application of MFD to road network
boundary control, such as the optimal boundary control method (Haddad et al., 2012), flow dynamics
model based on MFD(Ramezani et al.,2012), singlelayer boundary feedback gate control method(Keyvan-Ekbatani et al., 2013; Geroliminis et al., 2013),
multi-layer boundary feedback gate control method
(Keyvan-Ekbatani et al., 2015), multiple sub-area
optimal mixed boundary control method(Hajiahmadi et al., 2015), boundary adaptive control
method(Haddad and Mirkin, 2016) and so on. A
comprehensive analysis showed that all the boundary control methods mentioned above belong to the
general classification of model-based feedback control method, which have the problem of time delay.
That is, a time delay may occur between the identification of control parameter deviation and the implementation of corrective measures, and the expected output value of the control system may not be
tracked accurately. In view of the shortcoming of
feedback control, scholars have proposed the iterative learning control (ILC) method based on MFD to
track completely and accurately the expected output
value of the system by taking advantage of the characteristics of ILC. The ILC concept was first proposed by the Japanese scholar Uchiyama in
1978(Uchiyama, 1978). Subsequently, Arimoto et
al. (1984) continuously improved the ILC method
and formally proposed ILC theory in 2010. ILC can
correct the control law according to the output result
error and enable the output approach to gradually
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reach the desired trajectory by using the repetitive
operation input. ILC has been applied to ramp control(Chi et al., 2013), speed control(Hou et al.,
2007 ) and traffic signal control in urban areas(Yan
et al., 2016), but the application of ILC to boundary
control is only at its infancy. Yan et al. (2016) proposed an urban road traffic signal with the ILC strategy, and its impact on a road network with MFD was
evaluated by considering the repeatability of traffic
flow. Jin et al. (2018) proposed a design method for
feedforward feedback iterative learning control
(FFILC) in urban-traffic areas by using MFD theory.
At present, the feedback control method based on
the model and method of ILC, which in turn is based
on MFD, mostly belong to the classification of single-layer boundary control method. If congestion in
a control area is unevenly distributed (i.e. a heterogeneous network exists), then the effect of the control and management strategies will be affected. In
other words, the single-layer boundary control will
not work effectively under the traffic conditions of
large networks.
Therefore, a multi-layer boundary FFILC method
based on the MFD of single-area oversaturated intersections is proposed to improve the effect of
boundary control and avoid the time-delay problem
of feedback control. The actual road network is
taken as the experimental area, and the road network
simulation platform is built, and the FILC controller
is selected as the contrasting controller to analyse the
iterative effect of FFILC. The changes in the use of
traffic signal control indicators for the control area
before and after the implementation of the FFILC
method are compared.
2. Methodology
2.1. MFD estimation method
Accurately estimating the MFD of road network is
the premise of its application. At present, MFD estimation methods include the Loop detector data estimation (LDD estimation method) and the floating
car data estimation (FCD estimation method) (Lin et
al., 2019). LDD estimation method uses the traffic
data collected by the loop detectors such as video
detector, and then estimates the road network MFD
according to the related theory of road network
MFD. FCD estimation method uses the traffic data
collected by the floating cars(such as taxis, buses,
etc.) and then uses the driving trajectory estimation
method to estimate the MFD of the road network.
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However, there are some limitations in the application of the two methods. For example, LDD method
can only obtain the traffic data of some main road
sections with loop detectors, and can not obtain the
traffic data of the road sections without loop detectors. And low coverage of floating cars will affect
the accuracy of FCD method. In order to estimate
MFD accurately and conveniently, we assume that
there is a high proportion of floating cars in the road
network, and use FCD method to estimate MFD.
Nagle and Gayah (2014) assumed that a floating car
is evenly distributed in a road network and its distribution proportion is known; subsequently, FCD estimation method was proposed to obtain the road
network’s MFD. The formulas are as follows:
n
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of the homogeneous road network is expressed as
q w ( N (t )) = aN 3 (t ) + bN 2 (t ) + cN (t ) + d ; qc is the
maximum weighted traffic flow; and The number of
vehicles corresponding to qc is called the critical cumulative number of vehicles, which is expressed as
Nc.
The boundary control is used to monitor the cumulative number of vehicles entering PN1 and PN2 in
real time. The control ratio is determined according
to MFD theory. The inflow control ratio (such as
12 (t ) ,  21 (t ) ,  23 (t ) and  32 (t ) ) of the boundary of
the control area is adjusted by the boundary controller, in which the aim is for the cumulative number of
vehicles in sub-areas PN1 and PN2 to have values
close to the optimal cumulative number of vehicles
(Nm) at t time. In this manner, the ILC can operate
rapidly and effectively and avoid the situation in
which the cumulative number of vehicles in the road
network approaches or even exceeds the critical
value; these scenarios may cause the road network
to enter a state of extreme and uncontrollable congestion. the Nm is taken as 90% of Nc.
q32(t)

q23(t)

μ32(t)

i =1

where kw and qw are the weighted traffic density
(veh/km) and the weighted traffic flow (veh/h), respectively; ρ is the ratio of floating cars; T is the acquisition cycle (s); n is total number of sections in
the road network; li is the length of the i-th road section (km); m  is the number of floating cars during
the acquisition cycle T (veh); t’j is the driving time
of the j-th floating car during the acquisition cycle T
(s); and d’j is the driving distance of the j-th floating
car during the acquisition cycle T (m).
2.2. Design of feedforward feedback iterative
learning controller
In the set of sub-areas denoted by PN, where PN＝
{1,2,3}, sub-area 1 is the congestion zone, sub-area
2 is the transition zone and sub-area 3 is the normal
zone (Figure 1). The sub-area variables x,y∈PN,
qxy(t) denote the transfer traffic flow from area x to
area y at t time; Nxy(t) is the cumulative number of
vehicles from area x to area y at t time;  xy (t ) is the
control ratio from area x to area y at t time; areas 1
and 2 are the control objects; According to research
results of Daganzo and Geroliminis et al., the MFD

q21(t)

μ21(t)
q12(t)
N̂ 2

N̂1

PN2
q22(t)

PN3

q11(t)

PN1

qw2
N1
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μ12(t)
PN1 ∈PN2
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Fig. 1. Control diagram of the multi-layer boundary
In the whole control process, the most critical problem is knowing how to determine the control ratio of
the inflow and the outflow at the boundary of the
control area when this area enters the congestion
state. In this study, two FFILC controllers are designed to determine the real-time traffic flow control
ratios at the boundary of the control area. The actual
cumulative number of vehicles in the control area
should not exceed the optimal cumulative number of
vehicles (N1,d(t) and N2,d(t)). The design process is
explained below(Jin et al., 2018).
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2.2.1. Design of FFILC for the boundary of subarea PN1
The cumulative number of vehicles N1(t) has the following relationship in sub-area PN1:
N1 (t ) = N11 (t ) + N12 (t ) ,

(3)

where N1(t) is the cumulative number of vehicles in
sub-area PN1 at t time (veh); N11(t) is the cumulative
number of vehicles transferred within sub-area PN1
at t time (veh); and N12(t) is the cumulative number
of vehicles transferred from sub-area PN1 to subarea PN2 at t time (veh).
The completed travel-weighted traffic flow of subarea PN1 includes two parts: internal flow and transfer flow. The relationship between these two flows
is as follows:
N (t )
q ( N1 (t )) = 11  q1w ( N1 (t ))
N1 (t )

1 (t )=

N12 (t )
N (t )
,1 − 1 (t ) = 11 ,
N1 (t )
N1 (t )

(7)

Therefore, by synthesising Eqs. (3)–(7), the traffic
flow conservation of the entry–exit traffic flow at the
boundary of sub-area PN1 can be rewritten as follows:

dN1 (t ) dN11 (t ) dN12 (t )
=
+
dt
dt
dt
= q11 (t )+q12 (t ) + 21 (t )  q21 (t ) ,

(8)

− (1 − 1 (t ))  q1w ( N1 (t ))

w
1

N (t )
+ 12  q1w ( N1 (t ))
N1 (t )

If the ratio between the number of vehicles transferred from sub-area PN1 to sub-area PN2 (the number of vehicles in sub-area PN1 is defined as the external transfer ratio coefficient of sub-area PN1,
which is expressed as α1), then the following expression can be obtained:

,

(4)

where q1w ( N1 (t )) is the complete travel-weighted
traffic flow of sub-area PN1 at t time (veh/h);
N11 (t ) w
q1 ( N1 (t )) is the travel-weighted traffic flow
N1 (t )
for the internal transfer of sub-area PN1 at t time;
N12 (t ) w
and
q1 ( N1 (t )) is the completed travelN1 (t )
weighted traffic flow from sub-area PN1 to sub-area
PN2 at t time.

− 1 (t )  q1w ( N1 (t ))  12 (t )
If the influence of accident factors, such as traffic
accidents, road construction and weather conditions,
are neglected in the urban traffic system, then the
change in the daily traffic flow process can be regarded a repetitive process, and the corresponding
boundary control problem of the oversaturated road
network can be regarded a repetitive task. The index
i is subsequently introduced, and its value is iterated
daily according to ILC theory. Then, the traffic flow
conservation of the inbound–outbound traffic flow
at the PN1 boundary of the sub-area can be rewritten
as follows:

dN11 (t )
N (t )
= q11 (t )+21 (t )  q21 (t ) − 11 q1w ( N1 (t )) , (5)
dt
N1 (t )

 dN1,i (t )
= q11 (t )+q12 (t ) +  21, i (t )  q21 (t )

 dt

− (1 − 1,i (t ))  q1,wi ( N1,i (t ))
,

− 1,i (t )  q1,wi ( N1,i (t ))  12, i (t )


N (t )
 1,i (t ) = 12, i
N1,i (t )


dN12 (t )
N (t )
= q12 (t ) − 12  q1w ( N1 (t ))  12 (t ) ,
dt
N1 (t )

where traffic flow is regarded repetitive. Adding an
iteration index to q11(t), q12(t), q21(t) is not needed in
this case.

Therefore, the traffic flow conservation of the incoming–outgoing traffic flow at the sub-area PN1
boundary can be established as follows(Haddad and
Shraiber, 2014):

where 12 (t )  [0,1];  21 (t )  [0,1] .

(6)

(9)
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According to ILC theory, if the initial parameters are
given, such as with the traffic flow equilibrium
equation, real-time traffic demand, {q11(t), q12(t),
q21(t)}, initial cumulative number of vehicles
(N1(0)),optimal cumulative number of vehicles
(Nm1) and outward transfer cumulative number of
vehicles (N12(t)), then the core problem of ILC at the
boundary of the oversaturated intersections can
serve as basis for the constant adjustment of the control ratio (μ12(t) and μ21(t)) of the entry–exit traffic
flow at the boundary, and the number of vehicles in
the control area can meet the expected number of vehicles. In this manner, the cumulative number of vehicles in the control area can also meet the desired
cumulative number of vehicles (N1,d(t)) in the near
future.
The tracking error of the cumulative number of vehicles in the control system is expressed as e1,i(t).

e1,i (t ) = N1, d (t ) − N1,i (t ) ,

(10)

The curve change of the desired cumulative number
of vehicles (N1,d(t)) can be expressed as the initial
cumulative number of vehicles (N1(0)) gradually approaching the optimal cumulative number of vehicles. The change follows a certain growth (θ1), as
shown in Figure 2.
N1,d
Nm1

1
N1(0)

t1，0

t

Fig. 2. Schematic diagram of the desired cumulative number of vehicles in the control area
The expression of the desired cumulative vehicle
number curve is as follows:
N1, d (t ) =

N m1 − N1 (0)

+ t1,0
 N1 (0) + 1  (t − t1,0 ) t 
1
, (11)

=
N − N1 (0)
N
t  m1
+ t1,0
 m1
1

where θ1 is the growth of the desired cumulative
number of vehicles in sub-area PN1 with acquisition
interval time (veh), and t1,0 is the initial time for subarea PN1 to start the ILC controller (s).
The FFILC consists of a feedforward ILC loop and
a feedback control loop. Its control law is constructed as follows:

u1,i +1 (t ) = u1,i (t )+e1,i (t ) + Ke1,i +1 (t ) ,

(12)

where u1,i(t) is the control ratio matrix of the inbound–outbound traffic flow of sub-area PN1
boundary at t time in the i-th iteration expressed as,
T
u1,i (t )=  12,i (t )  21,i (t )  ,  is a feedforward iterative
T
learning gain matrix expressed as  =   −   ; and K
is the feedback control gain matrix expressed as
T
K=  −   .
Therefore, the state equation and related parameters
of the FFILC controller for the PN1 boundary can be
established as follows:
 dN1, i (t )
= q11 (t )+q12 (t ) +  21, i (t )  q21 (t )

 dt

− (1 − 1, i (t ))  q1,wi ( N1, i (t ))

− 1, i (t )  q1,wi ( N1, i (t ))  12, i (t ) ,



  (t ) = N12, i (t )
 1, i
N1, i (t )

 e1, i (t ) = N1, d (t ) − N1,i (t )


 u1, i +1 (t ) = u1, i (t )+e1, i (t ) + Ke1, i +1 (t )

(13)

The iterative process of the FFILC controller is
shown in Figure 3.
In the iteration process, the average number of vehicles with errors in each iteration can be used to evaluate the effectiveness of the ILC. The formula is as
follows:
E ILC =

Etotal
,
m

(14)

where E ILC is the average vehicle number error in
each iteration (veh); Etotal is the sum of the absolute
vehicle number error in each iteration sampling
point (veh); and m is the number of sampling points.
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The i-th Iteration

u1,i -1 (t )+e1,i -1 (t )
+

u1,i (t )

The traffic system of
the controlled PN1

+

Ke1,i (t )

N1,i (t )
-

N1,d (t )
+
e1,i (t )

The· feedback gain

+
+

The ILC gain

The i+1-th Iteration

u1,i (t )+e1,i (t )

+

u1,i +1 (t )
+

Ke1,i +1 (t )

The traffic system of
the controlled PN1

The· feedback gain

N1,i +1 (t )
-

N1,d (t )
+

e1,i +1 (t )

+
+

The ILC gain

Fig. 3. Schematic diagram of the iterative process of the FFILC controller(Yan, 2016)
If the average vehicle number error in each iteration
is small, and if the actual cumulative vehicle number
of the road network is somewhat similar the desired
cumulative vehicle number of the road network, then
the road network operation state is similar to the expected operation state.
2.2.2. Design of FFILC for the boundary of subarea PN2
Similar to the design process of FFILC for the
boundary of sub-area PN1, the state equation and the
related parameters of the FFILC for the boundary of
sub-area PN2 can be obtained as follows:

 dN 2,i (t )
= q22 (t )+q23 (t ) + 32,i (t )  q32 (t )

 dt

− (1 −  2,i (t ))  q2,w i ( N 2,i (t ))

−  2,i (t )  q2,w i ( N 2,i (t ))   23,i (t )

,

  (t ) = N 23, i (t )
 2, i
N 2, i (t )

 e2, i (t ) = N 2, d (t ) − N 2, i (t )

 u 2, i +1 (t ) = u 2, i (t )+e2, i (t ) + Ke2, i +1 (t )

(15)

N m 2 − N 2 (0)

+t2,0
 N 2 (0) +  2  ( t − t2,0 ) t 
2

, (16)
N 2, d (t ) = 
N m 2 − N 2 (0)
N
t
+t2,0
 m 2
2

where N2,i(t) is the cumulative number of vehicles in
sub-region PN2 in the i-th iteration at t time (veh);
N23,i(t) is the cumulative number of vehicles transferred from sub-area PN2 to sub-area PN3 in the ith iteration at t time (veh); q22(t) is the internal transfer traffic flow of sub-area PN2 at t time (veh/h);
q23(t) is the traffic flow from sub-region PN2 to subregion PN3 at t time (veh/h); q32(t) is the traffic flow
from sub-region PN3 to sub-region PN2 at t time
(veh/h); q2,w i ( N 2,i (t )) is the travel-weighted traffic
flow of sub-area PN2 in the i-th iteration at t time
(veh/h);  2,i (t ) is the ratio coefficient of the external
transfer of traffic flow in sub-area PN2 in the i-th
iteration at t time ( 32,i (t ) , where 23,i (t ) denotes the
control ratio of the incoming–outgoing traffic flow
of the sub-area PN2 boundary in the i-th iteration at
t time); e2,i (t ) is the tracking error of the accumulated
number of vehicles inputted by the controller of the
sub-area PN2 boundary in the i-th iteration at t time
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(veh); N 2, d (t ) is the desired cumulative vehicle number of sub-area PN2 at t time (veh); N 2 (0) is the
initial cumulative number of vehicles in sub-area
PN2 (veh); N m 2 is the best cumulative number of
vehicles in sub-region PN2 whose value is 90% of
the critical cumulative number of vehicles (veh);
 2 is the growth of the desired cumulative number
of vehicles in sub-area PN2 with acquisition interval
time (veh); and t2,0 is the initial time to start ILC in
sub-area PN2 (s). Moreover, u 2,i (t ) is the control
ratio matrix of the entry–exit traffic flow of the subarea PN2 boundary in the i-th iteration
at t time exT
pressed as u 2,i (t )=   23,i (t ) 32i (t )  ;  is a feedforward iterative learning gain matrix expressed as
T
 =   −   ; and K is the feedback control gain maT
trix expressed as K=  −   .

peak parabolic curve. This curve reflects the relationship between the cumulative number of vehicles
(N) and the weighted traffic flow (qw). In vehicle network environments, the FCD estimation method can
be used to transform Eqs. (1)-(2) into Eqs. (17)-(18),
in which the abovementioned control areas are combined.

2.3. FFILC method for the multilayer boundaries
The core function of the multi-layer boundary
FFILC method emphasises the adjustment of the
control ratio of the two-layer boundary of the control
area in real time. In this manner, the cumulative
number of vehicles in the control area can approximate the optimal cumulative number of vehicles. If
this method is not carefully considered, then the control effect of the whole road network will be affected.
Therefore, a new traffic assignment method, which
monitors the traffic status of the control area and the
queue length of the boundary connection section, is
proposed. Two FFILCs are used in the proposed
scheme. The basic idea is to apply MFD theory to
determine the MFD of the control area. Then, the
congestion zone and the transition zone of the control area are identified; the two-layer boundary of the
control area is determined; the FFILCs at the twolayer boundary of the control area are established;
and real-time traffic data, such as the cumulative
number of vehicles and the weighted traffic flow, are
acquired and then used to generate the traffic demand information of the controller. The traffic status
of the road network is also monitored. The control
process of the two FFILCs are discussed in the subsections in detail.

where a is the control area (a = 1 represents the core
region of PN1, a = 2 represents the transition region
of PN2 and a = 3 represents the normal region of
PN3); Na(t) is the cumulative number of vehicles in
w
the a-th control area at t time (veh); qa (t ) is the
weighted traffic flow at t time in the a-th control area
(veh/h); PNa is the a-th control region; n is the number of vehicles in the acquisition period T (veh); tij is
the driving time of the j-th vehicle on the i-th section
in the acquisition period T (s); li is the length of the
i-th section (m); T is the acquisition period (s); and
dij is the driving distance of the j-th vehicle on the ith section in the acquisition period T (m).

2.3.1. Determination of the MFD of the control
area
According to MFD theory, the MFD of a control
area can be represented as an asymmetric single-

n

N a (t ) =



iPNa

t
j =1

ij

,

 T

(17)

n

qaw (t ) =

 d

iPNa j =1

 T 



ij

iPNa

,

(18)

li

2.3.2. Implementation of FFILC with multilayer
boundaries
The congestion zone and the transition zone of the
control area are initially identified, and the control
boundary of the congestion zone (PN1) and the transition zone (PN2) is determined. The FFILCs are established for the two boundaries of the control area,
and the FCD estimation method is used to obtain
real-time traffic data, such as the cumulative number
of vehicles and the weighted traffic flow in the control area. These data are then used to generate the
traffic demand information of the controller and subsequently used to monitor the traffic state of the road
network. When PN1 or PN2 enter the oversaturated
state, their respective iterative learning controllers
will be activated. The multi-layer boundary FFILC
method is implemented to adjust the control ratios
( 12 (t ),  21 (t ),  23 (t ) and 32 (t )) of the PN1 and
PN2 boundaries in real time at each unit time (T).
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After several iterations, the cumulative number of
vehicles in the PN1 and PN2 control areas will continue to approach their corresponding desired cumulative number of vehicles. The values should not exceed the optimal cumulative number of vehicles in
the control area. As a manner of simplifying the calculation, the approximate value of the green-light
time at the controlled boundary entrance and exit in
the control process can be represented by the control
ratio multiplied by the original green-light time at
the boundary entrance, i.e. g (t + t )= (t )  g (t ) . At
the same time, the shortest green-light time at the
border entrance is set to 10 s to avoid calculation issues related to traffic accidents caused by the short
green-light time at the border entrance after the adjustment. A detector is set up on the boundary section of the control area to monitor the maximum
queue length of the boundary section of the control
area in real time. If the maximum queue length of a
boundary section exceeds the safe queue length, the
boundary control ratio is adjusted according to the
improved single-layer boundary control algorithm(Lin et al., 2017)(i.e. the algorithm considers
the effect of queue length). If the maximum queue
lengths of all boundary sections of PN1 in the congestion area exceed the safe queue length (i.e. a scenario indicating the absence of extra queuing space
in the boundary section), then the second controller
needs to be started compulsively. The flowchart of
the method is shown in Figure 4.
The algorithm sets 90% of the critical cumulative
number of vehicles in the road network as the optimal cumulative number of vehicles. In this manner,
the ILC can operate rapidly and effectively and
avoid the situation in which the cumulative number
of vehicles in the road network approaches or even
exceeds the critical value; these scenarios may cause
the road network to enter a state of extreme and uncontrollable congestion.
3. Experimental Analysis
A core intersection group in Tianhe District in
Guangzhou is taken as an example(Lin et al., 2019).
A vehicle network simulation platform is established
to verify the effect of implementing the FFILC
method with multi-layer boundaries by using the
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Vissim traffic simulation software. According to the
experimental results of Lin et al., 2019，the intersection group is divided into the congestion zone,
the transition zone and the normal zone, as shown in
Figure 5.
The cumulative vehicle number (N) and the
weighted traffic flow (qw) of the congestion zone
and the transition zone of the control area are estimated by the FCD estimation method. The MFD of
the congestion zone and the transition zone (including the congestion zone) are plotted, as shown in
Figures 6 and 7.
The scatter points of MFD for the control area is fitted to derive the fitting function. Then, the critical
cumulative vehicle number (Nc) and critical
weighted traffic flow (qc) of each fitting function are
calculated, as shown in Table 1.
Here, 90% of the critical cumulative vehicle number (Nc) is defined as the optimal cumulative vehicle
number (Nm). Therefore, the optimal cumulative vehicle number in the congestion zone and the transition zone (including the congestion zone) of the control area are 671 veh and 778 veh, respectively.
The cumulative number of vehicles in the control
area is divided by the spectral clustering algorithm(Shang et al., 2017), and the results are shown
in Figures 8 and 9.
As shown in Figures 8 and 9, the congestion zone
enters the oversaturated state at 26400 s, and its initial cumulative number of vehicles is 652 veh.
Meanwhile, the transition zone (including the congestion zone) enters the oversaturated state at 26640
s, and its initial cumulative number of vehicles is
713 veh. The traffic demand data of the congestion
zone and the transition zone (including the congestion zone) for the time range of 26400 to 32400 s are
obtained. The data include internal transfer traffic
flow, external transfer to internal traffic flow, internal transfer to external traffic flow, cumulative number of internal transfer to external traffic flow and
cumulative number of internal transfer to external
traffic flow. The cumulative vehicle number ratio
and the weighted traffic flow from the inside to the
outside are also calculated, as shown in Tables 2 and
3.
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Fig. 4. Flowchart of FFILC with multi-layer boundaries
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The normal zone

The transition zone

The congestion zone

Fig. 5. Schematic diagram of a multilayer boundary

Fig. 6. MFD of the congestion zone

Fig. 7. MFD of the transition zone (including the congestion zone)
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Table 1. Fitting function of the MFD of the congestion zone and the transition zone of the control area
Zone name

Fitting function

Nc(veh)

qc(veh/h)

Congestion zone

y = 1E-06x3 - 0.0031x2 + 2.9537x 79.93

745

813

Transition zone (including the congestion zone)

y = 4E-07x3 - 0.0017x2 + 2.0424x 71.673

864

682

N（veh）

The oversaturation
period

The peak
period
The low peak
period

The flat peak
period

T（s）

´104

Fig. 8. Division of cumulative number of vehicles in the congestion zone

N（veh）

The oversaturation
period

The peak
period
The low peak
period

The flat peak
period

T（s）

´104

Fig. 9. Division of cumulative number of vehicles in the transition zone (including the congestion zone)
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Table 2. Traffic demand data of the congestion zone
t

q11 (t )

veh/s

q12 (t )

veh/s

q21 (t )

veh/s

α1

N12 (t )

N1 (t ) veh

q1w ( N1 (t ))

veh/s

26400

0.10

2.83

2.72

0.31134

veh
203

652

0.224

26520
26640

0.10
0.28

2.78
2.71

2.88
3.01

0.24993
0.29595

160
185

639
626

0.223
0.222

26760
26880

0.22
0.15

2.92
2.83

2.84
2.68

0.28189
0.28135

195
183

691
651

0.225
0.224

…
32040

…
2.29

…
2.96

…
3.13

…
0.1634

…
160

…
979

…
0.216

32160
32280

2.27
2.88

3.06
2.70

3.10
2.69

0.19422
0.17934

191
173

985
967

0.216
0.217

32400

2.33

3.15

3.06

0.23154

231

999

0.215

Table 3. Traffic demand data of the transition zone (including the congestion zone)
t
26400
26520
26640
26760
26880
…
32040
32160
32280
32400

q22 (t )

q23 (t )

q32 (t )

veh/s
0.13
0.38
0.34
0.33
0.22
…
3.09
2.55
3.09
2.55

veh/s
2.98
2.92
2.82
2.83
2.87
…
2.77
3.29
2.77
3.29

veh/s
3.02
3.18
3.11
3.27
3.40
…
3.08
3.09
3.08
3.09

This study assumes that the changes in traffic in the
control area are repetitive, and the effects of
weather, traffic accidents and other contingency factors are ignored. In this manner, the multi-layer
boundary FFILC method can be implemented. The
initial state of the control ratio of the traffic flow in
and out of the control area is set to 1. The increments
(1 , 2 ) of the desired cumulative number of vehicles
are set to 0.04. The iterative learning gain is taken as
T
 =  0.02, − 0.02 , and the feedback control gain
T
matrix is taken as K=  0.1 , −0.1 . The simulation
data acquisition interval is 120 s. The initial state
parameters of ILC in the congestion zone and the
transition zone (including the congestion zone) are
obtained, as shown in Tables 4 and 5.
Two feedforward iterative learning control (FILC)
controllers are designed as contrasting controllers
for the congestion and transition zone boundaries to

α2
0.32451
0.29491
0.2924
0.31129
0.29076
…
0.20437
0.23831
0.20437
0.23831

N 23 (t )

N 2 (t )

q2w ( N 2 (t ))

veh
231
223
213
233
220
…
215
250
215
250

veh
713
755
729
748
756
…
1050
1050
1050
1050

veh/s
0.185
0.187
0.186
0.187
0.187
…
0.184
0.184
0.184
0.184

analyse the iterative effect of FFILC. The difference
between FILC and FFILC is based on their respective control laws. The control law of FILC is constructed as follows:

u1,i +1 (t ) = u1,i (t )+e1,i (t ) ,

(19)

where u1,i (t ) is the control ratio matrix of the
inbound–outbound traffic flow of the sub-area PN1
boundary in the i-th iteration
at t time expressed as
T
u1, i (t )=  12, i (t )  21, i (t )  , and  is a feedforward
iterative learning
gain matrix expressed as
T
=   −   ,
in
which
the
value
is
T
 =  0.02, − 0.02 .
The FILC and FFILC methods are programmed by
Matlab. The iteration of the cumulative vehicle number for the congestion zone and the transition zone
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(including the congestion zone) and the average vehicle number error in each iteration are determined.
The results are shown in Figures 10–17. After implementing the FILC method, the optimal control ratio for the boundary of the congestion zone is obtained after 119 iterations, and the optimal control
ratio for the boundary of the transition zone (including the congestion zone) is obtained after 107 iterations. Similarly, after implementing the FFILC
method, the optimal control ratio for the boundary
of the congestion zone is obtained after 19 iterations,
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and the optimal control ratio for the boundary of the
transition zone (including the congestion zone) is
obtained after 17 iterations. The FFILC method can
considerably reduce the number of iterations and effectively improve convergence speed. Furthermore,
after implementing the FFILC method, the final control ratios for the boundary entries and exits of the
congestion zone and the transition zone (including
the congestion zone) are obtained, as shown in Figures 18 and 19, respectively.

Table 4. Initial state parameters of ILC in the congestion zone
q21 (t ) q1,wi ( N1,i (t ))
q11 (t ) q12 (t )
t

veh/s

26400–32400

veh/s
veh/s
veh/s
As shown in Table 2

α1

N1 (0)
veh
652

N m1 veh 21,i (t ) 12,i (t )
671

1

26400–32400

veh/s
veh/s
veh/s
As shown in Table 3

veh
713

Fig. 10. Iterative results of the FILC method for the congestion zone

778

1

1

ts

s
0.04 120

1

Table 5. Initial state parameters of ILC in the transition zone (including the congestion zone)
N 2 (0)
q22 (t ) q23 (t ) q32 (t ) q2,wi ( N2,i (t ))
N m 2 veh32,i (t )  23,i (t )
t
α2
veh/s

1

2
0.04

ts
s
120

80
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Fig. 11. Iterative results of the FFILC method for the congestion zone

Fig. 12. Iterative results of the FFILC method for the transition zone (including the congestion zone)
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Fig. 13. Iterative results of the FFILC method for the transition zone (including the congestion zone)

Fig. 14. Average vehicle number error of the FILC method for the congestion zone
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Fig. 15. Average vehicle number error of the FFILC method for the congestion zone

Fig. 16. Average vehicle number error of the FILC method for the transition zone (including the congestion
zone)
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Fig. 17. Average vehicle number error of the FFILC method for the transition zone (including the congestion zone)

Fig. 18. Final iterative control ratio of the outlet and entry boundaries in the congestion zone
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Fig. 19. Final iterative control ratio of the outlet and entry boundaries in the transition zone (including the
congestion zone)
The FFILC method is implemented when the road
network simulation reaches 26400 s, as shown in
Figures 18 and 19. When the simulation time is
29400 s, the control ratio of the road network boundary entry will become extremely small. This scenario indicates that the traffic flow of the road network seriously exceeds the road network capacity.
Then, the simulation data for the time range of
26400–29400 s are taken to analyse further the
changes in the use of traffic signal control indicators
for the control area after the implementation of the
FFILC method. If the boundary exit control ratio is
less than 1, as in the case for some time periods, then
the traffic flow out of the boundary does not need to
be restricted.
VB language in Vissim is used to further develop the
COM programming interface and verify the control
effect of the multi-layer boundary FFILC method for
the control area. The multi-layer boundary FFILC
method is applied to the control area according to the
abovementioned boundary control ratios after 26400
s, and the maximum of 29400 s is simulated. All
boundary intersections are replaced by single intersection phase sequences to simplify the implementation. The length of green light in the controlled direction is equal to the original green-light time multiplied by the control ratio, whilst the lengths of
green light in the other directions remain unchanged.

Temporary pedestrian traffic lights are set up to regulate the control effects of the individual boundaries
without signal controls. That is, if u (t )  100% , and
if the change rate of u (t ) is higher than 5%, then the
green-light durations of the control boundary entrance
and
exit
are
adjusted
to
g i (t + t )=u(t)  g i (t ), whilst the green-light durations of the other directions are maintained. At the
same time, the shortest green-light time at the border
entrance is set to 10 s to avoid issues related to traffic
accidents caused by the short green-light time at the
border entrance after adjustment.
The statistical analytical results shown in Table 6 indicate that the use of traffic signal control indicators
can be improved after implementing the multi-layer
boundary FFILC method for the control area at the
time range of 26400–29400 s.
When the control area is saturated, the FFILC with
multi-layer boundaries is activated to regulate the
traffic flow at the boundary of the congestion zone
and the transition zone of the control area. The traffic signal evaluation indicators of the congestion
zone and the transition zone (including the congestion zone) of the control area are significantly improved, and the control area is maintained in a saturated state with high flow. The overall traffic operation efficiency of the control area is subsequently
improved.
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Table 6. Improvement in the use of evaluation indicators for the control area boundaries at the rime range of
26400–29400 s
Region
Congestion zone
Transition zone(including the congestion zone)

Indicators
Average queue length (m)
Average delay time (s)
Average parking times (times)
Average queue length (m)
Average delay time (s)
Average parking times (times)

4. Conclusions
As traffic flow increases, the traffic pressure on intersections in the core area of a road network will
also increase. This study proposes a multi-layer
boundary FFILC method based on MFD for oversaturated intersections to slow down the spread of traffic congestion, improve the effect of boundary control and avoid the delay of feedback control. The following conclusions can be drawn from the results of
our empirical analysis:
1) Traffic flow can gather towards the centre of a
sub-area, and congestion can spread to the periphery. In this scenario, the multi-layer boundary
FFILC method is applied when the control region
enters the oversaturated state. Compared with the
FILC method, the FFILC method considerably
reduces the number of iterations and effectively
improves convergence speed.
2) When the control area is in a saturated state, the
FFILC with multi-layer boundaries is activated to
regulate the traffic flow at the boundary of the
congestion zone and the transition zone of the
control area. Consequently, the use of traffic signal evaluation indexes for the congestion zone
and the transition zone (including the congestion
zone) is significantly improved, and the control
area is kept in a high flow saturation state. The
overall traffic operation efficiency of the control
area is also improved.
3) This study assumes that changes in traffic flow in
the control area are repetitive, and the effects of
weather, traffic accidents and other contingency
factors are ignored. At the same time, the sample
data are used as the simulation data of the vehicle
network simulation platform, but they cannot be
regarded the actual data. Therefore, in our future
work, the impact of contingency factors on the
control method will be considered, and actual
data on road network traffic will be used to verify
and analyse the algorithm.

No boundary control
36.09
91.06
3.03
53.18
119.29
4.05

FFILC

Improvement/%

32.05
80.28
2.63
49.40
109.08
3.65

11.20%
11.84%
13.27%
7.10%
8.56%
10.06%

Acknowledgments
This paper is jointly funded by Natural Science
Foundation
of
Guangdong
Province
(2020A1515010349), Special Innovative Research
Projects of Guangdong Provincial Department of
Education in 2017(2017GKTSCX018), Key Project
of Basic Research and Applied Basic Research of
Guangdong Provincial Department of Education in
2018 (2018GKZDXM007), Key Scientific Research
Projects of Guangdong Communication Polytechnic
in 2018(2018-01-001)，and Special fund project for
Guangdong university students' science and technology innovation in 2020(pdjh2020b0980).
References
[1] ARIMOTO, S., KAWAMURA, S., & MIYAZAKI, F., 1984. Bettering operation of robots
by learning. Journal of Robotic Systems, 1(2),
123-140.
[2] CHI,R. H., C., LI, J. Y., LIU,X. P., & SUI, S.
L., 2013. Iterative learning control for freeway
traffic distributed parameter systems. Journal
of Transportation Systems Engineering and Information Technology,13(02):42-47.
[3] DAGANZO, C. F., 2007. Urban gridlock: macroscopic modeling and mitigation approaches. Transportation Research, Part B
(Methodological), 41(1), 49-62.
[4] DAGANZO, C. F., GAYAH, V. V., & GONZALES, E. J., 2011. Macroscopic relations of
urban traffic variables: bifurcations, multivaluedness and instability. Transportation Research Part B: Methodological, 45(1), 278288.
[5] GAYAH, V. V., & DAGANZO, C. F., 2011.
Clockwise hysteresis loops in the macroscopic
fundamental diagram: an effect of network instability. Transportation
Research
Part
B, 45(4), 643-655.
[6] GEROLIMINIS, N., & DAGANZO, C. F.,

86

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

Lin, X., Xu, J.,
Archives of Transport, 53(1), 67-87, 2020

2008. Existence of urban-scale macroscopic
fundamental diagrams: some experimental
findings. Transportation Research Part B:
Methodological, 42(9), 759-770.
GEROLIMINIS, N., & SUN, J., 2011. Properties of a well-defined macroscopic fundamental
diagram for urban traffic.Transportation Research Part B Methodological, 45(3), 605-617.
GEROLIMINIS, N., HADDAD, J., &
RAMEZANI, M., 2013. Optimal perimeter
control for two urban regions with macroscopic
fundamental diagrams: a model predictive approach. IEEE Transactions on Intelligent
Transportation Systems, 14(1), 348-359.
GODFREY, J. W., 1969. The mechanism of a
road network. Traffic Engineering & Control, 11(7), 323-327.
GONZALES, E. J., CHAVIS, C.,& LI, Y. W.,
ET AL., 2009. Multimodal transport modeling
for nairobi, kenya: insights and recommendations with an evidence-based model. Institute of
Transportation Studies, UC Berkeley.
HADDAD, J., & MIRKIN, B., 2016. Adaptive
perimeter traffic control of urban road networks
based on mfd model with time delays. International Journal of Robust and Nonlinear Control, 26(6), 1267-1285.
HADDAD, J., & SHRAIBER, A., 2014. Robust perimeter control design for an urban region. Transportation Research Part B: Methodological, 68, 315-332.
HADDAD, J., RAMEZANI, M., & GEROLIMINIS, N., 2012. Model predictive perimeter
control for urban areas with macroscopic fundamental diagrams. American Control Conference (ACC) IEEE, 5757-5762.
HAJIAHMADI, M., HADDAD, J., DE
SCHUTTER, B., & GEROLIMINIS, N., 2015.
Optimal hybrid perimeter and switching plans
control for urban traffic networks. IEEE Transactions on Control Systems Technology, 23(2), 464-478.
HOU, Z., XU, J. X., & ZHONG, H.,2007. Freeway traffic control using iterative learning control-based ramp metering and speed signaling. IEEE Transactions on Vehicular Technology, 56(2), 466-477.
JIN,S. T., DING,Y.,YIN,C. K., & HOU, Z. S.,
2018. Iterative learning perimeter control for
urban traffic region. Control and Decision,

33(04), 633-638.
[17] KEYVAN-EKBATANI, M., PAPAGEORGIOU, M., & PAPAMICHAIL, I., 2013. Urban
congestion gating control based on reduced operational
network
fundamental
diagrams. Transportation Research Part C Emerging Technologies, 33, 74–87.
[18] KEYVAN-EKBATANI,
M.,
YILDIRIMOGLU, M., GEROLIMINIS, N., & PAPAGEORGIOU, M., 2015. Multiple concentric
gating traffic control in large-scale urban networks. IEEE Transactions on Intelligent
Transportation Systems, 16(4), 2141-2154.
[19] KLOS, M.J., SOBOTA, A., 2019. Performance
evaluation of roundabouts using a microscopic
simulation model. Scientific Journal of Silesian
University of Technology. Series Transport,104: 57-67.
[20] LIN, X. H., XU, J. M., &LIN, P. Q., ET AL.,
2017. Improved road-network-flow control
strategy based on macroscopic fundamental diagrams and queuing length in connected-vehicle network. Mathematical Problems in Engineering, 2017(1), 1-7.
[21] LIN, X. H., XU, J. M., &Zhou, W. J., 2019.A
Dynamic partitioning method for the multilayer
boundary for urban oversaturated homogeneous traffic networks based on macroscopic fundamental diagrams in connected-vehicle network.Advances in Transportation Studies,
48(7):47-62.
[22] LIN, X. H., XU, J. M., CAO, C. T., 2019. Simulation and comparison of two fusion methods
for macroscopic fundamental diagram estimation. Archives of Transport,51(3) ,35-48.
[23] NAGLE, A. S., & GAYAH, V. V., 2014. Accuracy of networkwide traffic states estimated
from mobile probe data. Transportation Research Record Journal of the Transportation Research Board, 2421(2421), 1-11.
[24] RAMEZANI, M., HADDAD, J., & GEROLIMINIS, N., 2012. Macroscopic traffic control
of a mixed urban and freeway network. IFAC
Proceedings Volumes, 45(24), 89-94.
[25] SHANG, Q., LIN, C. Y., YAO, Z. S.,
&BING,Q. C., et al., 2017. Traffic state identification for urban expressway based on spectral
clustering and rs-knn.Journal of South China
University of Technology, 45(6), 52-58.
[26] UCHIYAMA, M., 1978. Formation of high-

Lin, X., Xu, J.,
Archives of Transport, 53(1), 67-87, 2020

speed motion pattern of a mechanical arm by
trial. transactions of the society of instrument &
control engineers, 14(6), 706-712.
[27] YAN, F., 2016. Research on iterative learning
control methods for urban traffic signals.
Northwestern Polytechnical University.
[28] YAN, F., TIAN, F. L., & SHI, Z. K., 2016. Robust iterative learning control for signals at urban road intersections. China Journal of Highway and Transport, 29(01), 120-127.

87

[29] YAN, F., TIAN, F., & SHI, Z.,2016. Effects of
iterative learning based signal control strategies
on macroscopic fundamental diagrams of urban
road networks. International Journal of Modern Physics C, 27(04), 10-20.
[30] ZHAO, H., HE, R., SU, J., 2018. Multi-objective optimization of traffic signal timing using
non-dominated sorting artificial bee colony algorithm for unsaturated intersections. Archives
of Transport, 46(2), 85-96.

