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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 fundamen-

tal diagram (MFD) can effectively manage and con-

trol 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 inher-

ent 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 net-

work throughput. 

Since the discovery of MFD, some scholars have 

studied the application of MFD to road network 

boundary control, such as the optimal boundary con-

trol method (Haddad et al., 2012), flow dynamics 

model based on MFD(Ramezani et al.,2012), single-

layer boundary feedback gate control method(Key-

van-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(Hajiah-

madi et al., 2015), boundary adaptive control 

method(Haddad and Mirkin, 2016) and so on. A 

comprehensive analysis showed that all the bound-

ary control methods mentioned above belong to the 

general classification of model-based feedback con-

trol method, which have the problem of time delay. 

That is, a time delay may occur between the identi-

fication of control parameter deviation and the im-

plementation of corrective measures, and the ex-

pected output value of the control system may not be 

tracked accurately. In view of the shortcoming of 

feedback control, scholars have proposed the itera-

tive learning control (ILC) method based on MFD to 

track completely and accurately the expected output 

value of the system by taking advantage of the char-

acteristics of ILC. The ILC concept was first pro-

posed 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 

reach the desired trajectory by using the repetitive 

operation input. ILC has been applied to ramp con-

trol(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) pro-

posed an urban road traffic signal with the ILC strat-

egy, 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 sin-

gle-layer boundary control method. If congestion in 

a control area is unevenly distributed (i.e. a hetero-

geneous network exists), then the effect of the con-

trol 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 in-

tersections 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 esti-

mation methods include the Loop detector data esti-

mation (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 applica-

tion 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 detec-

tors. 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 distri-

bution proportion is known; subsequently, FCD es-

timation method was proposed to obtain the road 

network’s MFD. The formulas are as follows: 
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where kw and qw are the weighted traffic density 

(veh/km) and the weighted traffic flow (veh/h), re-

spectively; ρ is the ratio of floating cars; T is the ac-

quisition cycle (s); n is total number of sections in 

the road network; li is the length of the i-th road sec-

tion (km);  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 

of the homogeneous road network is expressed as 
3 2( ( )) ( ) ( ) ( )wq N t aN t bN t cN t d= + + + ; qc is the 

maximum weighted traffic flow; and The number of 

vehicles corresponding to qc is called the critical cu-

mulative number of vehicles, which is expressed as 

Nc. 

The boundary control is used to monitor the cumu-

lative 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 control-

ler, 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 con-

gestion. the Nm is taken as 90% of Nc. 

 

 
Fig. 1. Control diagram of the multi-layer boundary 

 

In the whole control process, the most critical prob-

lem 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 de-

signed 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 sub-

area PN1 

The cumulative number of vehicles N1(t) has the fol-

lowing relationship in sub-area PN1: 

 

1 11 12( ) ( ) ( )N t N t N 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 sub-

area PN2 at t time (veh). 

 

The completed travel-weighted traffic flow of sub-

area PN1 includes two parts: internal flow and trans-

fer flow. The relationship between these two flows 

is as follows: 
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where 
1 1( ( ))wq N t  is the complete travel-weighted 

traffic flow of sub-area PN1 at t time (veh/h); 

11
1 1

1

( )
( ( ))

( )

wN t
q N t

N t
is the travel-weighted traffic flow 

for the internal transfer of sub-area PN1 at t time; 

and 12
1 1

1

( )
( ( ))

( )

wN t
q N t

N t
 is the completed travel-

weighted traffic flow from sub-area PN1 to sub-area 

PN2 at t time. 

 

Therefore, the traffic flow conservation of the in-

coming–outgoing traffic flow at the sub-area PN1 

boundary can be established as follows(Haddad and 

Shraiber, 2014): 

 

11 11
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where 12 21( ) [0,1]; ( ) [0,1]t t   . 

If the ratio between the number of vehicles trans-

ferred from sub-area PN1 to sub-area PN2 (the num-

ber of vehicles in sub-area PN1 is defined as the ex-

ternal transfer ratio coefficient of sub-area PN1, 

which is expressed as α1), then the following expres-

sion can be obtained: 
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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 fol-

lows: 
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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 re-

garded 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: 
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where traffic flow is regarded repetitive. Adding an 

iteration index to q11(t), q12(t), q21(t) is not needed in 

this case. 
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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 con-

trol 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 ve-

hicles. In this manner, the cumulative number of ve-

hicles 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 ve-

hicles in the control system is expressed as e1,i(t). 

 

1, 1, 1,( ) ( ) ( )i d ie t N t N 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 ap-

proaching the optimal cumulative number of vehi-

cles. The change follows a certain growth (θ1), as 

shown in Figure 2. 

 

 
Fig. 2. Schematic diagram of the desired cumula-

tive number of vehicles in the control area 

 

The expression of the desired cumulative vehicle 

number curve is as follows: 
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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 sub-

area PN1 to start the ILC controller (s). 

The FFILC consists of a feedforward ILC loop and 

a feedback control loop. Its control law is con-

structed as follows: 

 

1, +1 1, 1, 1, 1u ( ) u ( )+ ( ) K ( )i i i it t e t e t+=  + , (12) 

 

where u1,i(t) is the control ratio matrix of the in-

bound–outbound traffic flow of sub-area PN1 

boundary at t time in the i-th iteration expressed as, 

                                    ,      is a feedforward iterative 

learning gain matrix expressed as                   ; and K 

is the feedback control gain matrix expressed as  

                    . 

 

Therefore, the state equation and related parameters 

of the FFILC controller for the PN1 boundary can be 

established as follows: 
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The iterative process of the FFILC controller is 

shown in Figure 3. 

In the iteration process, the average number of vehi-

cles with errors in each iteration can be used to eval-

uate the effectiveness of the ILC. The formula is as 

follows: 

 

E = total
ILC

E

m
, (14) 

 

where E ILC  is the average vehicle number error in 

each iteration (veh); totalE  is the sum of the absolute 

vehicle number error in each iteration sampling 

point (veh); and m is the number of sampling points.

t

N1,d

Nm1

N1(0)

1

1 0t ，

1, 12, 21,u ( )= ( ) ( )
T

i i it t t   

 =
T

  −

 K=
T

 −



72 

 

Lin, X., Xu, J., 

Archives of Transport, 53(1), 67-87, 2020 

 

 

·

·

The traffic system of 

the controlled PN1 

The feedback gain

The ILC gain

1, -1 1, -1u ( )+ ( )i it e t
1,u ( )i t 1, ( )iN t 1, ( )dN t

1, ( )ie t
1,K ( )ie t

The traffic system of 

the controlled PN1 

The feedback gain

The ILC gain

1, 1,u ( )+ ( )i it e t
1, +1u ( )i t 1, +1( )iN t 1, ( )dN t

1, +1( )ie t1, +1K ( )ie t

+

+

+
+

+-

+

+

+-+
+

The i-th Iteration 

The i+1-th Iteration

 
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 ex-

pected operation state. 

 

2.2.2. Design of FFILC for the boundary of sub-

area 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: 
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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 trans-

ferred from sub-area PN2 to sub-area PN3 in the i-

th iteration at t time (veh); q22(t) is the internal trans-

fer traffic flow of sub-area PN2 at t time (veh/h); 

q23(t) is the traffic flow from sub-region PN2 to sub-

region 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);       is the travel-weighted traffic  

flow of sub-area PN2 in the i-th iteration at t time 

(veh/h);         is the ratio coefficient of the external 

transfer of traffic flow in sub-area PN2 in the i-th 

iteration at t time (          , where             denotes the 

control ratio of the incoming–outgoing traffic flow 

of the sub-area PN2 boundary in the i-th iteration at 

t time);             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 

2, 2,( ( ))w

i iq N t

2, ( )i t

32, ( )i t 23, ( )i t

2, ( )ie t
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(veh);      is the desired cumulative vehicle num-

ber of sub-area PN2 at t time (veh);       is the 

initial cumulative number of vehicles in sub-area 

PN2 (veh);     is the best cumulative number of 

vehicles in sub-region PN2 whose value is 90% of 

the critical cumulative number of vehicles (veh); 

     is the growth of the desired cumulative number 

of vehicles in sub-area PN2 with acquisition interval 

time (veh); and       is the initial time to start ILC in 

sub-area PN2 (s). Moreover,      is the control  

ratio matrix of the entry–exit traffic flow of the sub-

area PN2 boundary in the i-th iteration at t time ex-

pressed as                                     ;    is a  feedfor-

ward iterative learning gain matrix expressed as  

                    ; and K is the feedback control gain ma-

trix expressed as                    . 

 

2.3. FFILC method for the multilayer bounda-

ries 

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 approxi-

mate the optimal cumulative number of vehicles. If 

this method is not carefully considered, then the con-

trol effect of the whole road network will be af-

fected.  

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 con-

trol area are identified; the two-layer boundary of the 

control area is determined; the FFILCs at the two-

layer 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 de-

mand 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 sub-

sections in detail. 

 

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-

peak parabolic curve. This curve reflects the rela-

tionship between the cumulative number of vehicles 

(N) and the weighted traffic flow (qw). In vehicle net-

work environments, the FCD estimation method can 

be used to transform Eqs. (1)-(2) into Eqs. (17)-(18), 

in which the abovementioned control areas are com-

bined. 
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, (18) 

 

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 

the a-th control area at t time (veh);      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 num-

ber 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 i-

th section in the acquisition period T (m). 

 

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 tran-

sition zone (PN2) is determined. The FFILCs are es-

tablished 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 con-

trol area. These data are then used to generate the 

traffic demand information of the controller and sub-

sequently 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 

                    of the PN1 and 

PN2 boundaries in real time at each unit time (T). 

2, ( )dN t

2 (0)N

2mN

2

2,0t

2,u ( )i t

2, 23, 32u ( )= ( ) ( )
T

i i it t t    

 =
T

  −

 K=
T

 −

( )w

aq t

12 21 23 32( ( ), ( ), ( ) and ( ))t t t t   



74 

 

Lin, X., Xu, J., 

Archives of Transport, 53(1), 67-87, 2020 

 

 

After several iterations, the cumulative number of 

vehicles in the PN1 and PN2 control areas will con-

tinue to approach their corresponding desired cumu-

lative number of vehicles. The values should not ex-

ceed the optimal cumulative number of vehicles in 

the control area. As a manner of simplifying the cal-

culation, 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.                               . At 

the same time, the shortest green-light time at the 

border entrance is set to 10 s to avoid calculation is-

sues related to traffic accidents caused by the short 

green-light time at the border entrance after the ad-

justment. A detector is set up on the boundary sec-

tion 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 algo-

rithm(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 con-

gestion area exceed the safe queue length (i.e. a sce-

nario 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 opti-

mal 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 un-

controllable 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 

Vissim traffic simulation software. According to the 

experimental results of Lin et al., 2019，the inter-

section 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 esti-

mated by the FCD estimation method. The MFD of 

the congestion zone and the transition zone (includ-

ing the congestion zone) are plotted, as shown in 

Figures 6 and 7. 

The scatter points of MFD for the control area is fit-

ted 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 num-

ber (Nc) is defined as the optimal cumulative vehicle 

number (Nm). Therefore, the optimal cumulative ve-

hicle number in the congestion zone and the transi-

tion zone (including the congestion zone) of the con-

trol area are 671 veh and 778 veh, respectively. 

The cumulative number of vehicles in the control 

area is divided by the spectral clustering algo-

rithm(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 ini-

tial cumulative number of vehicles is 652 veh. 

Meanwhile, the transition zone (including the con-

gestion 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 conges-

tion 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, inter-

nal transfer to external traffic flow, cumulative num-

ber 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. 

( )= ( ) ( )g t t t g t+  
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Fig. 4. Flowchart of FFILC with multi-layer boundaries 
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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) 

The normal zone

The congestion zone
The transition 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 

 

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

 
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 
veh/s veh/s veh/s α1 

 

veh 
1( )N t veh veh/s 

26400 0.10 2.83 2.72 0.31134 203 652 0.224 

26520 0.10 2.78 2.88 0.24993 160 639 0.223 

26640 0.28 2.71 3.01 0.29595 185 626 0.222 

26760 0.22 2.92 2.84 0.28189 195 691 0.225 

26880 0.15 2.83 2.68 0.28135 183 651 0.224 

… … … … … … … … 

32040 2.29 2.96 3.13 0.1634 160 979 0.216 

32160 2.27 3.06 3.10 0.19422 191 985 0.216 

32280 2.88 2.70 2.69 0.17934 173 967 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 

 

veh/s 

 

veh/s 

 

veh/s 
α2 

 

veh 

 

veh 

 

veh/s 

26400 0.13 2.98 3.02 0.32451 231 713 0.185 

26520 0.38 2.92 3.18 0.29491 223 755 0.187 

26640 0.34 2.82 3.11 0.2924 213 729 0.186 

26760 0.33 2.83 3.27 0.31129 233 748 0.187 

26880 0.22 2.87 3.40 0.29076 220 756 0.187 

… … … … … … … … 

32040 3.09 2.77 3.08 0.20437 215 1050 0.184 

32160 2.55 3.29 3.09 0.23831 250 1050 0.184 

32280 3.09  2.77  3.08  0.20437 215  1050 0.184 

32400 2.55  3.29  3.09  0.23831 250  1050 0.184 

 

This study assumes that the changes in traffic in the 

control area are repetitive, and the effects of 

weather, traffic accidents and other contingency fac-

tors 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  

            of the desired cumulative number of vehicles 

are set to 0.04. The iterative learning gain is taken as 

                              , and the feedback control gain 

matrix is taken as                . 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 

analyse the iterative effect of FFILC. The difference 

between FILC and FFILC is based on their respec-

tive control laws. The control law of FILC is con-

structed as follows: 
 

1, +1 1, 1,u ( ) u ( )+ ( )i i it t e t=  ,  (19) 

 

where     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  

                                       , and       is a feedforward 

iterative learning gain matrix expressed as 

                     , in which the value is 

                          . 

 

The FILC and FFILC methods are programmed by 

Matlab. The iteration of the cumulative vehicle num-

ber for the congestion zone and the transition zone 

11( )q t 12 ( )q t
21( )q t

12 ( )N t

1 1( ( ))wq N t

22 ( )q t
23( )q t 32 ( )q t 23( )N t 2 ( )N t

2 2( ( ))wq N t
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(including the congestion zone) and the average ve-

hicle number error in each iteration are determined. 

The results are shown in Figures 10–17. After im-

plementing the FILC method, the optimal control ra-

tio for the boundary of the congestion zone is ob-

tained after 119 iterations, and the optimal control 

ratio for the boundary of the transition zone (includ-

ing the congestion zone) is obtained after 107 itera-

tions. Similarly, after implementing the FFILC 

method, the optimal control ratio for the boundary 

of the congestion zone is obtained after 19 iterations, 

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 ef-

fectively improve convergence speed. Furthermore, 

after implementing the FFILC method, the final con-

trol ratios for the boundary entries and exits of the 

congestion zone and the transition zone (including 

the congestion zone) are obtained, as shown in Fig-

ures 18 and 19, respectively. 

 

Table 4. Initial state parameters of ILC in the congestion zone 

t 
 

veh/s veh/s veh/s 

 

veh/s 
α1 

1(0)N

veh 
1mN veh 21, ( )i t  

12, ( )i t  
 

 

s 

26400–32400 As shown in Table 2 652 671 1 1 0.04 120 

 

 

Table 5. Initial state parameters of ILC in the transition zone (including the congestion zone) 

t 
 

veh/s veh/s veh/s 

 

veh/s 
α2 

2 (0)N

veh 
2mN veh   

 

 

s 

26400–32400 As shown in Table 3 713 778 1 1 0.04 120 

 

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

11( )q t 12 ( )q t 21( )q t 1, 1,( ( ))w

i iq N t
1

t s

22 ( )q t 23( )q t 32 ( )q t 2, 2,( ( ))w

i iq N t
32, ( )i t 23, ( )i t
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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 conges-

tion 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 bound-

ary entry will become extremely small. This sce-

nario indicates that the traffic flow of the road net-

work 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 inter-

section phase sequences to simplify the implemen-

tation. The length of green light in the controlled di-

rection is equal to the original green-light time mul-

tiplied by the control ratio, whilst the lengths of 

green light in the other directions remain unchanged. 

Temporary pedestrian traffic lights are set up to reg-

ulate the control effects of the individual boundaries 

without signal controls. That is, if ( ) 100%u t  , and 

if the change rate of ( )u t  is higher than 5%, then the 

green-light durations of the control boundary en-

trance and exit are adjusted to 

( )=u(t) ( ),i ig t t g t+    whilst the green-light dura-

tions 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 in-

dicate 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 traf-

fic signal evaluation indicators of the congestion 

zone and the transition zone (including the conges-

tion zone) of the control area are significantly im-

proved, and the control area is maintained in a satu-

rated state with high flow. The overall traffic opera-

tion 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 Indicators 
No boundary con-

trol 
FFILC Improvement/% 

Congestion zone 

Average queue length (m) 36.09 32.05 11.20% 
Average delay time (s) 91.06 80.28 11.84% 

Average parking times (times) 3.03 2.63 13.27% 
Transition zone(in-

cluding the conges-
tion zone) 

Average queue length (m) 53.18 49.40 7.10% 
Average delay time (s) 119.29 109.08 8.56% 

Average parking times (times) 4.05 3.65 10.06% 

 

4. Conclusions 

As traffic flow increases, the traffic pressure on in-

tersections in the core area of a road network will 

also increase. This study proposes a multi-layer 

boundary FFILC method based on MFD for oversat-

urated intersections to slow down the spread of traf-

fic congestion, improve the effect of boundary con-

trol and avoid the delay of feedback control. The fol-

lowing 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 periph-

ery. 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 sig-

nal 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. 
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