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Abstract 

In recent years, the freeway monitoring systemis widely used in China. Based on the 

data from these monitoring systems, real time control is able to be employed on the 

freeway under consideration of such uncertain factors as haze, agglomerate flog, 

accident. A mainline feedback control model is proposed in terms of monitoring system 

data and feedback control theory. A freeway in Hebei is taken as a case study to validate 

the proposed feedback control model using traffic flow simulation of weekday off-peak 

period, weekday peak period, holiday off-peak period, holiday peak period, severe 

weather off-peak period and severe weather peak period. Results show traffic flow is 

smooth and local congestion is alleviated in weekday period cases with less volume. 

However, travel time increases in weekday period cases. On the other hand, in the other 

cases with more volume, not only traffic flow is smooth, but also travel time decreases. 

On top of that, travel time falls by about 9% in severe weather peak period case. 

 

Keywords: Feedback control, monitoring system, jam, ramp metering, traffic flow 

simulation, control density 

 

1. Introduction  

Freeways play a key role in transportation in China. Freeway network has been rapidly 

growing in China during the decades. By the end of 2014, China has 111 950 kilometers 

(km) freeway operation mileage, making it the busiest freeway transportation system in 

the world. With the rapid evolution of economy and large number of vehicles, the car-

based transportation has led to the daily occurrence and recurrent congestions in China. 

Recurrent jams reduce substantially the available infrastructure capacity, cause 

delays and create traffic safety risks. In addition, jams also increase the air 

pollution, which has caused widespread environmental and healthy problems. 

Freeway monitoring and control systems are essential to the efficient operation of 

freeways, particularly when volumes are high. Freeway monitoring systems are widely 

used and extended to freeway management and operation in China.  

Recently, researchers showed great interest in freeway traffic flow control approaches. 

R. Boel and L. Mihaylova [1] presented a stochastic model of freeway traffic at a time 

scale. W. Brilon and J. Lohoff [2] provided several models to discuss each state of traffic 

flow by one function. H. B. Celikoglu [3] focused on the travel time performance function 

throughout fundamental diagram relation under congested and un-congested traffic 

patterns. Some neural network models were used to forecast traffic flow [4, 5]. Some 



International Journal of Control and Automation 

Vol. 10, No. 2 (2017) 

 

 

24  Copyright © 2017 SERSC 

novel models were extended to predict travel time [6-8]. Several important 

methodological developments and applications have been undertaken on the traffic safety 

analysis on freeways using traffic flow models [9, 10]. Published papers provided a 

comprehensive methodological approach to study ramp metering [11, 12]. Various 

models have been constructed to show the control approaches [13-15]. Also, recent 

studies provide insights related to analyze real data, which was detected on freeways [16, 

17]. The aim of this study is to propose a feedback control model for freeways under 

unfavorable conditions in terms of real dynamic data, which is able to be detected on the 

whole freeway. 

 

2. Methodology 

Freeway monitoring systems, which provide the traffic flow parameters such as flow 

rate, density and mean speed, are widely used in China. This paper proposes a feedback 

control model for freeways based on a monitoring system. Assume a freeway is composed 

of N basic sections, whose traffic flow parameters can be given by the monitoring system 

as shown in Figure 1. The basic control model for freeways is denoted by 
 

1 2 ... i-1 i i+1 ... N

 

Figure 1. View of Basic Sections on the Freeway 

 

ˆ ˆ ˆ( 1) ( ) ( , ) ( ) ( )i i i i i ik k f k k                                                                      (1) 

 

where  

ˆ ( 1)i k   is the control traffic density of period 1k  in section i ; 

ˆ ( )i k  is the control traffic density of period k in section i ; 

( )i k  is the actual traffic density of period k in section i ; 

i  is the endogenous influence index in section i (0 1)i  ; 

i  is the exogenous influence index in section i , on which other sections impact 

(0 1)i  ;  

( , )i if    is the correlation coefficient function for i  and i . 

The constraints are as following  

 

1
ˆ ˆ( ) ( )   i ik k                                                                                               (2) 

ˆ ˆ( ) ( 1)    i ik k                                                                                              (3) 

ˆ ( ) i k                                                                                                                 (4) 

 

where 

 is an index with 0 , presenting the control density difference  between adjacent 

sections; 

 is an index with 0 , presenting the control density difference of the same section  

between adjacent period; 

  is the minimum control density with 0  ; 

  is the maximum control density with 0  . 
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A traffic bottleneck is a localized disruption of vehicular traffic on a street, road or 

freeway. As opposed to a traffic jam, a bottleneck is a result of a specific physical 

condition, often the design of the road, badly timed traffic lights or sharp curves. This 

paper divided freeway sections into non-ramp bottleneck sections, ramp bottleneck 

sections and non-bottleneck sections. The basic model is rewritten by control models for 

non-ramp bottleneck sections, ramp bottleneck sections and non-bottleneck sections, 

respectively. 

A non-ramp bottleneck section n  exits and [1, ]n N . Assume that the bottleneck 

section is independent, respectively. Then, we have 

ˆ( , ) ( ) ( ( ), ( ))  n n n n nf g H k k h                                                                       (5) 

 

where 

( )ng  is the endogenous influence function of bottleneck section n ;  

h is an adjustment coefficient, presenting the ratio of adjusting density (0 1) h ; 

ˆ( ( ), ( ))n nH k k  is a direction judgment coefficient and is defined by  

ˆ ( ) ( )
ˆ( ( ), ( ))

ˆ ( ) ( )






n n
n n

n n

k k
H k k

k k

 
 

 
                                                                           (6) 

The control model of the ramp bottleneck sections, which comes from Equation (1), is 

rewritten by  

ˆ ˆ ˆ ˆ( 1) ( ) ( ( ), ( )) ( ) ( )     n n n n n nk k H k k h k k                                               (7) 

Ramp metering is essential to the efficient operation of freeways, particularly when 

volumes are high. According to Papageorgiou and others, ramp metering is divided 

roughly into the reacted type and the preceded type [18]. DC (Demand-Capacity), OCC 

(Occupancy), ALNEA[19] are among the well-known local response type ramp metering 

[20]. In this paper, the ALNEA model is applied to conduct ramp metering. A ramp 

bottleneck section m  exits and [1, ]m N  as shown in Figure 2. The control model of 

ramp bottleneck sections is presented by  

ˆ( 1) ( ) [ ( ) ( )]   m m R m mr k r k K k k                                                                       (8) 

where 

( 1)mr k is the metering rate of period 1k in ramp bottleneck section m ; 

( )mr k is the metering rate of period k in ramp bottleneck section m ; 

RK is a positive constant. 

 

m m+1 … 

r

m-1… 

 

Figure 2. View of the Ramp Bottleneck Section 

Also assume that each bottleneck section is independent, indicating two bottleneck 

section can not impact on the same non-bottleneck sections. A non-bottleneck section j  

and bottleneck section n exit and , [1, ]j n N  as shown in Figure 3. Define that d  is a 

positive constant, presenting the influence scope of bottleneck section n .  
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nn-1 n+1… … n-d n+d
 

Figure 3. View of Non-Ramp Bottleneck Sections 

The control model of non-bottleneck sections is discussed as following 

(1) When [ , ]  j n d n d and j n , we have 

 

ˆ( ) ( ( ), ( )) j j jg H k k h                                                                                         (9) 

ˆ( ) ( ( ), ( ))
2

n j j j

j n
t H k k

d
  


                                                                              (10) 

where ( )n jt  is the exogenous influence function in section j , on which section 

n impact. 

With ( ) 0jg  and ( ) 0n jt   , we have 
( )

0
( )

j

n j

g

t




 . The correlation coefficient 

function ( , )j jf    is expressed by 

( , ) min( ( ), ( ))j j j n jf g t                                                                                 (11) 

With ( ) 0jg  and ( ) 0n jt   , we have 
( )

0
( )

j

n j

g

t




 . ( , )j jf    is expressed by  

( , ) ( )j j n jf t  
                                                                                                    (12) 

With ( ) 0jg  and ( ) 0n jt   , we have 
( )

0
( )

j

n j

g

t




 , ( , )j jf    is expressed by 

( , ) ( )j j jf g                                                                                                       (13) 

With ( ) 0jg  and ( ) 0n jt   , we have
( )

0
( )

j

n j

g

t




 . ( , )j jf    is expressed by 

( , ) min( ( ), ( ))j j j n jf g t   
                                                                              (14) 

 

(2) When [ , ]  j n d n d , we obtain 

( , ) ( )j j jf g                                                                                                       (15) 

The control traffic density model of each section on the freeway has been proposed. 

The corresponding control speed can be obtained by the fitting density-speed curve. On 

the top of these traffic parameters, traffic control plan is conducted in terms of the 

monitoring system on the freeway. In Figure 4, the feedback control diagram is illustrated 

as following: 

Step 1: The traffic density of each section is detected by the freeway monitoring 

system; 

Step 2: Judge whether the section is the bottleneck; if not, then go to step 3. Otherwise 

go to step 4.  

Step 3: Judge whether the section is impacted by the other bottleneck section. Then 

decide  ( , )j jf    in light of the control model of non-bottleneck section.  
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Step 4: Judge whether the section is the ramp section. If yes, then conduct ramp 

metering control and go to step 6. Otherwise decide the ( , )j jf    based on the control 

model of the non-ramp bottleneck section. 

Step 5: On the top of ( , )j jf   , the control traffic density ˆ ( 1)i k  is obtained 

according to the basic feedback control model. 

Step 6: The speed control plan is made in terms of the control density of each section 

on the freeway. 

Step 7: Judge whether the control is over. If yes, stop the control. Otherwise update the 

control cycle and return to step 1. 

 
Detected traffic density of each 

section at period k

Ramp section

       Control density 

Control cycle 

N

Stop

N

Control model of non-ramp 

bottleneck section

Bottleneck section

Y

N

 Ramp metering 
Y

Non-bottleneck section control 

model

Y N

Y

Impacted section

Obtain                    

based on control model of 

non-bottleneck section

Speed control plan

Update k by k+1

 

Figure 4. Diagram of Feedback Control Model 

 

3. Case Study 

A freeway in Hebei was taken as the case study to validate the proposed feedback 

control model. The freeway is 47 kilometers (km) and installed a traffic monitoring 

information system composed of cameras, variable message sign, detector, radio, horn, 

etc. on the whole freeway. The detected data was collected from the whole traffic 

monitoring information system. The dealt data was displayed in the monitoring center. 

The outer equipment distribution and sections were shown in Figure 5. The freeway starts 

at a toll-gate and ends at a toll-gate. There are 28 nodes and 27 sections composed of an 

on-ramp bottleneck section, 3 non-ramp bottleneck sections and 23 non-bottleneck 

sections. The traffic parameters of each section are detected by the corresponding 

professional camera. Moreover, an agglomerate fog district and a long bridge are paid 

great attention to. The distance between two cameras is 2 km for non-bottleneck sections. 

On the other hand, the distance for the bottleneck sections decreases to 1 km. 
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Figure 5. View of Outer Equipment and Sections on the freeway of Hebei 
Province in China 

The proposed feedback control models for the whole freeway were applied to 

control traffic flow. Microscopic traffic flow simulation was used to validate these 

proposed models. The parameters for these proposed models were indicated in Table 

1. There were 6 cases with weekday off-peak period, weekday peak period, holiday 

off-peak period, holiday peak period, severe weather off-peak period under stress of 

weather and severe weather peak period under stress of weather. The traffic 

parameters for the general period were collected between 11:00 and 16:00. The 

traffic parameters for the peak period were obtained from 9:00 to 11:00. The traffic 

parameters for holidays were given by the National Day holiday between October 1 

and 7 from 2008 to 2011. These traffic parameters were presented in Table 2. The 

parameters for vehicle category were shown in Table 3 in terms of the detected real 

data using the traffic monitoring information system. The vehicle conversion 

coefficient is set at Table 4. The control density of each section was addressed using 

these models. On the top of control density, speed limit plan of each section was 

made to smooth the traffic flow on the freeway. According to the real detected speed 

and density of each section on the freeway, the relationship or fitting curve between 

the speed and density of sections was represented in Figure 6. The red curve 

described the relationship between the real detected speed and density. On the other 

hand, the black line indicated the fitting the curve. R is the distance between the real 

curve and fitting curve and [0,1]R . 2R  is the goodness of fit. In this case study, the 
2R  arrived at 0.9983. According to this curve, the control speed plan was made 

based on the obtained control density of each section. Furthermore, the 

corresponding control speed of each section was represented on the corresponding 

information board. The drivers on the freeway adjust their speed in light of proposed 

information in the corresponding boards.  
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Table 1. Parameters for the Feedback Control Model 

Parameter k /s 
 / 

(pcukm
-1

) 

 / 

(pcukm
-1

) 

 / 

(pcukm
-1

) 

 / 

(pcukm
-1

) 

 / 

(kmh
-

1
) 

 / 

(kmh
-

1
) 

Value 3 600 20 30 10 100 30 120 

 

Table 2. Traffic Flow Parameters 

Case 1 2 3 4 5 6 

Mainline traffic volumes (pcu/h) 1200 1500 1800 2000 2300 2500 

Ramp traffic volumes (pcu/h) 300 300 600 900 600 900 

Total traffic volumes (pcu/h) 1500 1800 2400 2900 2900 3400 

 

Table 3. Parameters for Vehicle Category 

category desired speed (km/h) proportion 

cars 120  0.6 

trucks 90  0.3 

buses 70  0.1 

 

Table 4. Vehicle Conversion Coefficient 

category conversion coefficient condition 

small truck 1.0 workload 2t  

medium truck 1.5 2t   workload 7t  

heavy truck 2.0 7t   workload 14t  

heavy truck 3.0 workload 14t  

small bus 1.0 rated seat  19 seats 

large bus 1.5 rated seat >19 seats 

 

 

Figure 6. Fitting Curve between Speed and Density 
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4. Results and Discussion 

In this study, a freeway in Hebei was taken as case study to validate the proposed 

feedback control model using traffic flow simulation of weekday off-peak period, 

weekday peak period, holiday off-peak period, holiday peak period, severe weather off-

peak period and severe weather peak period. Results of cases were indicated in Table 5 

and Figure 7. Table 5 presented the control density of each section with control and 

without control. In Table 5, section 5, section 6, section 11, section 16 and section 21, 

section 22, and section 23 are bottleneck sections as indicated by the gray color. The 

effectiveness of control in case 5 was clear in terms of density of bottleneck sections. The 

traffic flow was smooth. On the other hand, since traffic volume was low in case 1 and 

case 2, the whole traffic flow control had no effect. Figure 7 represented the results of the 

proposed control model using the travel time. Travel time with control increased 1s in 

case 1 for weekday off-peak period. The result showed that the whole control for the 

freeway had little effect on travel time. However, in case 2 for weekday peak period, the 

travel time with control increased 139 s compared to no control. On the other hand, travel 

time with control decreased 102 s, 210 s, and 352 s in case 3, case 4 and case 5. The 

control effectiveness was obviously represented in cases of the high traffic flow. 
 

 

Figure 7. Average Travel Time with Control and without Control  
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Table 5. Control Density of Each Section with Control and Without Control 

 

5. Conclusion 

According to easing traffic congestion, the whole control for freeways had been 

conducted in China. The engineers and researchers in China focused on the corresponding 

control model for the whole freeway. This paper proposed feedback control models for 

freeways in light of traffic stream characters for bottleneck sections and non-bottleneck 

sections. The freeway in Hebei was taken as a case study to validate the proposed 

feedback control model using traffic flow simulation of weekday off-peak period, 

weekday peak period, holiday off-peak period, holiday peak period, severe weather off-

peak period and severe weather peak period. The results showed the whole control had an 

obvious effect for the sections with the high traffic volume using the travel time and 

density. On the other hand, there was little effective for sections with the low traffic 

volume. 

The current freeway control model mostly pays attention to the local control for 

ramp metering. However, the monitoring system for the whole freeway had been 

widely used in China. Though a comprehensive control model for the whole freeway 

based on the monitoring system has been proposed and discussed in this paper, 

additional research will be conducted to further improve the model and its 

applications in the future. One of such improvements is to extend the model to the 

vehicle infrastructure system. Another issue that deserves attention is how to control 

the traffic flow based on the detected big data. However, multiple model based on 

the monitoring system, vehicle infrastructure system, and big data is challenging 

and deserves research efforts in the future. 

 

 

 

section 

case1 case 2 case 3 case 4 case 5 case 6 

no control 

(pcu/km) 

control 

(pcu/km) 

no 
control 

(pcu/km) 

control 

(pcu/km) 

no 
control 

(pcu/km) 

control 

(pcu/km) 

no 
control 

(pcu/km) 

control 

(pcu/km) 

no 
control 

(pcu/km) 

control 

(pcu/km) 

no 
control 

(pcu/km) 

control 

(pcu/km) 

1 13.5 13.5 17.0 11.0 12.5 12.5 14.0 14.0 21.0 16.0 25.0 25.0 
2 7.0 7.0 12.0 10.5 19.5 19.5 23.0 23.0 17.5 17.0 26.0 26.0 

3 11.5 11.5 13.5 7.0 13.5 13.5 21.0 21.0 18.0 19.0 23.0 23.0 

4 11.5 11.5 11.5 15.0 15.0 15.0 19.5 19.5 16.0 25.0 20.0 20.0 
5 7.0 7.0 15.0 14.0 14.0 20.0 25.0 25.0 28.0 19.0 13.0 22.0 

6 12.0 12.5 10.0 12.0 12.0 14.0 15.0 15.0 19.0 19.0 12.0 19.0 
7 9.0 9.0 13.5 16.5 37.5 15.5 14.0 14.0 21.0 21.0 28.0 20.0 

8 5.5 12.0 12.5 16.0 0.5 18.5 21.5 21.5 16.0 16.0 19.5 19.5 

9 14.5 8.0 16.0 13.0 6.5 17.5 15.5 27.5 23.5 23.5 16.5 16.5 

10 9.0 9.0 10.0 9.0 25.5 18.0 42.0 19.0 21.5 21.5 22.0 22.0 

11 7.0 7.0 10.0 13.0 12.0 18.0 56.0 15.0 22.0 25.0 28.0 21.0 
12 13.0 13.0 18.0 15.5 21.0 21.5 12.5 13.5 40.5 22.5 30.5 22.5 

13 5.5 15.0 16.5 15.0 21.5 18.5 9.0 19.0 22.5 20.5 36.0 27.5 

14 17.0 7.5 19.5 12.5 15.5 19.0 15.5 16.5 35.0 23.5 42.5 30.0 
15 11.0 11.0 10.0 16.5 25.0 25.0 31.0 22.5 55.0 20.0 37.0 30.0 

16 11.0 11.0 13.0 14.0 21.0 25.0 16.0 18.0 35.0 23.0 38.0 30.0 
17 6.5 6.5 8.0 16.5 13.0 7.5 10.5 17.0 10.5 17.5 15.0 23.0 

18 9.5 9.5 6.5 18.0 9.5 9.0 11.0 11.0 8.0 15.0 22.5 22.5 

19 7.0 7.0 5.5 16.0 11.0 9.0 11.5 11.5 5.5 20.0 19.5 19.5 
20 1.5 8.0 7.5 14.0 10.5 13.5 16.5 16.5 5.5 12.5 14.0 21.5 

21 26.0 13.0 5.0 13.0 12.0 9.0 20.0 15.0 7.0 10.0 9.0 19.0 
22 2.0 10.0 11.0 16.0 18.0 13.0 2.0 15.0 11.0 10.0 5.0 17.0 

23 0.0 11.0 9.0 10.0 3.0 7.0 6.0 13.0 8.0 15.0 5.0 17.0 

24 4.5 10.0 4.0 14.5 11.5 10.5 9.0 11.5 12.5 11.5 10.0 12.5 
25 5.0 10.5 5.5 13.5 5.0 8.5 18.5 12.5 12.0 14.0 11.5 12.5 

26 3.0 9.0 10.5 17.0 12.5 13.0 16.5 12.5 10.5 15.0 15.5 13.5 

27 5.5 8.0 7.5 18.5 7.0 9.0 8.5 13.0 17.5 13.5 11.0 15.0 

Average  8.7 9.9 11.0 14.0 14.3 14.8 17.8 16.8 19.2 18.0 20.6 21.0 
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