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Abstract
In order to improve the efficiency and safety level of urban expressway, speed guidance control was
utilized to optimize the traffic flow. Inner ring expressway of Shanghai 5 km long was modelled in
VISSIM and conflict statistical analysis was carried out in SSAM based on the data of vehicles
trajectory. The collaborative optimization method to intervene the crash risk using speed guidance
control was given. Log-linear model was established according to the speed-related variables and the
model was adopted as the objective function of quantify traffic safety. Then simulation was carried out
integrating MATLAB, VISSIM and VB.NET under extended macroscopic dynamic traffic flow
model. Speed guidance control system oriented quantified traffic safety for urban expressway using
model predictive control was established. Then numerical simulation was launched, the results show
that total traffic conflicts decrease 29.1 %, travel time of monitoring link reduces 45.3 %, and variance
of travel time reduces 47.8 %. Under the speed guidance control, safety and efficiency of expressway
both have been improved, which has important reference for delicacy traffic control and management.
(Received, processed and accepted by the Chinese Representative Office.)
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1. INTRODUCTION
Expressway system has become the urban mass rapid transit corridor and the main
framework of urban road systems. Decreasing delay and improving throughput
performance are great significance to improve the operation efficiency of expressway
system. As the backbone of the city road network, urban expressway shares large
proportion of the traffic. In Beijing, major urban expressway accounts for only 8 % of the
total length, but carries nearly 50 % of the traffic flow; in Shanghai, only 5 % bears more
than 35 % of the city traffic traveling [1, 2]. Urban expressway plays a vital role in the
urban road network which gradually shifted from the large-scale infrastructure
construction to refinement traffic management. With the traffic demand rapid growing,
much more congestion and traffic accidents, integrated active traffic management should
be introduced in the background of coordination between road and vehicle. As an
important part of the active traffic management, the speed guidance control has certain
positive significance to improve the expressway capacity, reduce the accident risk and
decrease even eliminates traffic congestion. Road safety assessment can be divided into
direct and indirect methods. Traffic conflict technique is the representative method of the
indirect traffic safety evaluation which has obvious advantages, relatively large number of
conflict, short period and strong regularity. It was extremely widely applied in the field of
road traffic safety. However, traffic conflict observed manually always was arbitrary,
taking a lot of manpower and resources. Therefore surrogate safety assessment model
(SSAM) which was developed by the United States Federal Highway Administration was
used to analyse micro-simulation model output trajectory file. SSAM attempted to analyse
the road security using simulation methods [3, 4]. In recent years, with the development of
Vehicles Infrastructure Integration system, taking active traffic management to
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expressway has become the research hotspots in this subject. The U.S. Department of
Transportation Five Year ITS Strategic Research Plan clearly pointed out that dynamic
speed harmonization would be one of the main means to optimize traffic flow in urban
transportation networks. The Ministry of Science and Technology of China has put
intelligent traffic management system as one of the key research areas in the national
science and technology plan [5].
With the recent advances in active transportation and demand management, variable speed
limits (VSL) have been identified as an active traffic management strategy for improving
expressway mobility and safety. Several intelligent VSL strategies have been proposed and
evaluated. The first known experiments with variable speed limit signs took place on a 30 km
stretch of German motorway A8 between Munich and the border city of Salzburg, Austria.
Mechanically variable message signs could display speeds of 60, 80 and 100 km/h. Personnel
monitored traffic using video technology, and manually controlled the signage. In an actual
variable speed limit system, speed limits vary strategically and periodically in accordance
with traffic volume and weather conditions to achieve better safety, efficiency, and
environmental sustainability on urban expressway. Speed and speed variance of vehicles are
important factors related to safety, especially during severe weather conditions [6]. According
to the earlier variable speed limits studies, drivers generally choose the driving speed among
the range, which is essentially a method of wide range speed control. Based on the earlier
variable speed limits studies shortcoming, this paper proposes an integrated speed guidance
method using model predictive control oriented quantified traffic safety for urban expressway
and develops on-line simulation. Speed guidance control aim to provide a unique speed value
for drivers. Vehicle trajectory data was analysed through SSAM based on the actual
expressway model established in VISSIM. Detailed analysis on the conflict was processed to
construct the log-linear model which was taken as the objective function of predictive control.
Typical segment of Shanghai expressway was taken as the example, dynamic online
simulation which integrated VISSIM, MATLAB and VB.NET was developed, then multi-step
model predictive control was carried out oriented quantified traffic safety. The main impact of
variable speed limits on traffic flow is deemed to reduce the mean speed around the critical
densities and speed differences among vehicles. But their control strategies are passive and
simple rule-based. Unlike traditional methods of variable speed limits, this paper provides a
clear speed guidance value, driver only need to follow speed value explicitly.

2. PROBLEM BACKGROUND
Expressway system has become the urban mass rapid transit corridor and the framework
of urban road systems. Ramp metering is the main method to control expressway traffic at
present. Papageorgiou reviewed ramp metering algorithms researches comprehensively.
The classical and widely practiced ramp metering method is ALINEA, which is a
feedback control method. Ramp metering can control the flow into the expressway, but
after entering the expressway the effect of using ramp metering alone to improve the
traffic flow is not very well [7-10]. In recent years, taking active traffic management to
expressway has become the development trend and one of the main methods is utilizing
variable speed limits to control mainline traffic. In fact, there have been several VSL
applications in Germany, Netherlands, UK and other counties in Europe [11-13]. Bertini
evaluated the VSL strategy used at Autobahn 5 in Germany using the empirical data, the
result showed that the effectiveness of VSL strategy in reducing congestion at bottlenecks
was significant [14]. On the other hand, some VSL experiment had been carried out which
concluded that VSL experiment had a significant effect in reducing speed variation and
the number of shockwaves [15-19]. Representative researches of Hegyi have shown that
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the traffic shock wave can be better smoothed by VSL under MPC [20]. Despite a lot of
progress, these studies did not reveal the quantitative effect of VSL towards the traffic
safety. So based on the accident data, Lee established a model which was used for
comparative analysis the risk changes before and after the VSL controls [21]. With the
same model, Allaby analysed the road safety effects under different traffic demand by
VSL controls [22]. According to different traffic speed level, Abdel-Aty founded two
kinds of dynamic accident prediction models which used in the simulation analysis for
different VSL control strategies [23]. The effects of VSL on traffic flow were studied
using fundamental traffic model and shockwave theory [24, 25]. There are some
limitations using single VSL control method, and then ramp metering was coordinated to
achieve better control effect [26, 27]. In addition, some new models were involved in VSL
research [28-31]. Studies have shown that VSL has good control effect on greenhouse gas
emissions [32, 33]. Driver obedience for the speed guidance value affected the effect
directly. The effect might also lose even play a negative role when the traffic demand
reached a certain level [34-37]. Models of these researches were established under
accident data, so it requires a lot of high-quality traffic accident data. Meanwhile, control
strategies are based on default rules, not the quantify traffic safety-oriented. VSL control
method has essential uncertain characteristics about speed limits value for drivers; they
generally choose the driving speed among a range. For example, if the value of VSL is
80 km/h, then vehicle speed not exceeding 80 km/h is legitimate, may be 30 km/h,
50 km/h or 60 km/h which will cause the control not precisely enough. This paper focused
on speed guidance control which provides the driver with a clear speed value which is the
biggest difference compared with others research. On the other hand, Conflict statistical
analysis was carried out in SSAM based on the data of vehicles trajectory. Finally, the
collaborative optimization method to intervene the crash risk using speed guidance control
was given. Log-linear model was established according to the speed-related variables and
the model was adopted as the objective function of quantify traffic safety. Then MPC is
adopted to compute the speed guidance values which orientate the safer level traffic flow.

3. CONFLICTS LOG-LINEAR MODEL
Road safety assessment can be divided into direct and indirect methods. Direct assessment
method was based on accident statistics which was widely used in road traffic
management. Though the method was simple to operate, it also had some disadvantages,
such as relatively small of the road traffic accidents data, relatively long of the statistical
period, great randomness of the accident and other problems. As one of the most
important indirect methods, traffic conflict technique has the characteristics of r elative
large number conflicts, short statistical cycle and strong regularity. It was widely used in
the field of road traffic safety research. But traffic conflict survey requires a lot of
manpower resources and it was always the arbitrary result to some extent. Therefore, the
U.S. Federal Highway Administration has developed a security analysis model SSAM to
analyze the trace files of the simulation data, which can be reached the result of safety
evaluation through the traffic simulation data.
Dynamic risk of accident was quantified analysed during operation based on real-time
traffic data. The higher accident risk, the greater the likelihood of an accident, then
measures should be taken to control the seemingly safe traffic flow. The dynamic acciden t
risk model was used to analyse the possibility of potential accident and control the traffic
flow based on model predictive control. SSAM was adopted to analyse the conflicts by the
vehicle trajectory provided by VISSIM simulation result. Several factors were considered
to establish the model, space velocity difference, time velocity difference, road geometric
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characteristics and traffic volume. Based on this classification, the time speed difference
(SVT), space velocity difference (SVD), road geometry (RD), the road traffic service (TS)
were treated as the independent variables; serious conflict quantity (DAR) was treated as
the dependent variable, which was the dynamic quantization value of traffic accident risk.
The log-linear model was listed as eq. (1):
ln(DAR) = α + LSVT(i) + LSVD(j) + LTS(m) + LRG(n)
(1)
where α is the total average effect, LSVT(i) is time speed difference classification level index,
LSVD(j) is space velocity difference classification level index, LTS(m) is the road traffic
services classification level index, LRG(n) is the road geometry classification level index.

4. DYNAMIC TRAFFIC FLOW MODEL
Control-oriented macro dynamic traffic flow model describes the relationship among
traffic flow over space and time even traffic control variables. LW model was proposed by
British scholar Lighthill and Whitham in 1955. Against the defects, Payne proposed
dynamic relationship between speed and density. The model was further extended
considering off-ramp, on-ramp and lane change factors by Papageorgiou. Scholars
between domestic and foreign have also proposed various models which are mostly
around dynamic relationship between speed and density. Model proposed by Payne and
Papageorgiou are widely used in practice. Second order dynamic METANET model is
used to describe the traffic flow. To make the calculated optimal speed guidance value
more realistic and accurate, dynamic traffic flow model are described as eqs. (2) and (3):
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is the anticipation constant and κ is model parameter, which are equal at a segment. ρi(k) is the
traffic density of road segment i at time index k, vi(k) is the mean speed of road segment i at
time index k, ri(k) is the metering flow rate of road segment i at time index k, si(k) is the total
off-ramp flow rate of road segment i at time index k, ui(k) is the desired control speed of road
segment i at time index k and λi is the number of lanes of road segments.
The paper determines the origins flow and upstream speed parameters by the ramp length
and queue of upstream cell segment. The models are listed as eqs. (4) to (6):
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where Q0 is the onramp flow capacity, ρmax is the maximum density of onramp, ρcrit, μ is the
critical density of onramp at which the traffic flow becomes unstable, ρμ, 1(k) is the density of
mainline which segment the onramp linked, vcrit, m is the critical speed of mainline at which
the traffic flow becomes unstable, vfree is the speed of freely traffic flow, w0(k) is the
maximum number of vehicles stored in onramp and d0(k) is the onramp demand flow.
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Considering traffic safety, speed change should be smoothing both temporally and
spatially. So the control speed variation should be less than 10 km/h over time or distance
interval, the following constraints are adopted in eq. (7):
Vmin  ui (k )  Vmax

where Vmin

(7)
and Vmax are the minimum and maximum control speed for speed guidance control

respectively; Vmin taken as 20 km/h and Vmax taken as 80 km/h.

5. SIMULATION ANALYSIS AND RESULTS
In the speed guidance control online simulation system, VISSIM software is used to
simulate the real world traffic. The macro dynamic traffic flow model is established in
MATLAB. Data and control strategies were exchange through the API interface among
VB.NET, VISSIM and MATLAB.
According to the functional orientation, online simulation system was divided into
four modules: simulation module, strategy module, interface module and database
module. The structures of the simulation system as well as the relationship among the
modules were shown in Fig. 1.

MATLAB
MATLAB COM API
Database
VB.NET platform

VISSIM COM
Road network
Traffic Control
VISSIM Simulation model

Figure 1: Framework of online simulation.
Inner ring expressway in Shanghai was selected as the research object shown in Fig. 2.
It was 5 km long and divided into eight sections with traffic parameters detectors located
downstream and upstream. Simulation model was established, calibration and verification.
310m
8

695m
7

1033m
6

316m
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3

5
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Figure 2: Abstract figure of urban expressway.
Vehicle trajectory data provided by VISSIM simulation result was analysed through
SSAM. Then SPSS was involved to establish the log-linear model. Distribution of SVT
and SVD values were showed in Fig. 3. SVT was divided into three categories, first
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category is the detected speeds almost no change in time, the second is detected speeds
have a smaller fluctuation in time, and the third category is that there are relatively large
fluctuations in detected speeds. According to descending order and the 60 %, 30 %, 10 %
percentage value, three classification intervals were built:
│vt+1 – vt│< 1 km/h, 1 km/h ≤│vt+1 – vt│< 3 km/h and │vt+1 – vt│≥ 3 km/h.
Most of the space velocity differences were within the interval [-10, 10]. On the other
hand, considering the control step of speed guidance, SVD values were divided into three
categories, less than -10 km/h, greater than 10 km/h and within the range -10 km/h to
10 km/h.

Figure 3: Distribution of SVT and SVD.
Average value of road traffic was 20 veh/min/lane corresponding to 1200 veh/h/lane.
While road capacity was 2000 veh/h/lane, 1200 veh/h/lane was selected as the threshold
value to distinguish different traffic classification.
The expressway was divided into eight sections; section 1 was the initial segment
which also contained entrance ramp. Section 4 included exit ramp, section 6 contained
entrance ramp, and section 7 contained transition part. Therefore road geometry was
divided into two categories, one classification included section 2, 3, 5, 8 and the other
included section 1,4,6,7.
Table I: Parameter estimates.
Parameter

Estimate

Std. Error

Lower Bound

Upper Bound

Constant
[SVT = 1]
[SVT = 2]
[SVT = 3]
[SVD = 1]
[SVD = 2]
[SVD = 3]
[TS = 1]
[TS = 2]
[RG = 1]
[RG = 2]

7.625
0.791
0.872
0
0.058
-1.028
0
0.711
0
-2.981
0

0.010
0.010
0.009
0
0.007
0.010
0
0.007
0
0.016
0

7.605
0.773
0.853
0
0.043
-1.048
0
0.697
0
-3.012
0

7.645
0.810
0.891
0
0.072
-1.008
0
0.725
0
-2.950
0

Log-linear model was established, time speed difference and space speed difference
both were three classification levels. Road geometry and traffic volume were two
classification levels. There were total 36 kinds of combinations of individual
combinations; modelling and analysis were processing in SPSS by frequency statistics. It
was supposed that conflict was random and Poisson distribution. Log-linear model was
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established based on the number of the conflicts and main effects analysis was carried out
simultaneously. The value of the main effects reflect its contribution to the expected
frequencies, which only demonstrate the different of row or column variable and do not
reflect the relationship between the other variables. Results of model parameter estimation
were shown in Table I.
The value of Sig was close to zero indicating that selected variables were affected the
conflicts significantly. Some classification model parameter was zero, because the main
effect variable estimated under the constraint that one variable value was zero. The
constant parameter estimated value of the model was 7.625. Estimated values of time
speed difference were 0.791, 0.872 and 0 respectively, which indicated that
1 km/h ≤│vt+1 – vt│< 3 km/h classification level was the most serious impact on the
conflicts. Time speed difference should avoid frequent fluctuations in small amplitude.
Estimated values of SVD were 0.058, -1.028 and 0 respectively, which indicated that SVD
less than -10 km/h classification level was the most serious impact on the conflicts. Traffic
accident was easy to occur when speed drop dramatically. Two classifications level
parameter estimation of road traffic service were 0.711 and 0 respectively. When the road
traffic was relatively low, less than 1200 veh/h/lane, more conflicts occurred. Estimated
values of RG were -2.981 and 0 respectively indicating that more conflicts might occur
near the entrances, exits and lane change sections. Impacts of SVT, SVD, TS and RD for
the conflicts were revealed after the founding of log-linear model which also used for
model predictive control as the evaluation of safety.
To solve the problem of speed guidance control we apply the model predictive control
scheme in a rolling framework shown in Fig. 4. In this control scheme a discrete-time
model was used to predict the future behaviour of the process. The goal of the controller is
to find the control signals that result in an optimal traffic behaviour. To express
performance an objective function was defined and the speed guidance control signals that
minimize this function were found via optimization. The objective function was shown in
eq. (8):
N 2 1 N3
N1 1 N3


F  T   i (k ) Li i  wi (k )      ( DARi (k )  DARi (k  1))2
k 1  i 1
k 1 i 1

(8)
where N1 is the control step size; N2 is the prediction step size; ß is the weight coefficient and
N3 is the number of road sections.
Traffic flow
Dynamic
traffic flow
model

One step speed
guidance control

Multi-step
prediction

Multi-step
control

Objective
optimization

Figure 4: Process of speed guidance control.
The control was applied in a rolling horizon scheme. At each time instant a new
optimization was performed over the prediction horizon, and only the first value of the
resulting control signal was applied to the process. The next time instant the same
procedure is repeated. To reduce complexity and improve stability a control horizon was
introduced, and after the control horizon has been passed the control signal is taken to be
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constant. The advantage of this rolling horizon approach was that resulted in an on -line
adaptive control scheme which allows us to take changes in the system parameters into
account by regularly updating the model of the system.
The expressway was divided into eight sections; each part has speed guidance control
respectively. The cycle of speed guidance control was 1 min, so the traffic flow model
iteration number was 6. Then control step size was 42 and prediction step size was 60.
Road traffic demand is shown in Fig. 5. Results of speed guidance value are shown in Fig.
6 and comparative analysis is shown in Table II.

Figure 5: Traffic demand.

Figure 6: Speed guidance value.
Table II: Simulation results.
Results
Conflicts
Average travel time
Standard deviation of travel time

No control Under control
257038
249.3
72.2

182171
136.3
37.7

Effect
-29.1 %
-45.3 %
-47.8 %

Under the speed guidance control oriented quantified safety, the simulation results
show that the number of conflicts decreased by 29.1 %, average travel time reduced by
45.3 % and standard deviation of travel time decreased by 47.8 %. The results indicated
that both safety and efficiency of the simulation sections have been improved.
Fluctuations of the travel time decreased revealed that its reliability has also been
enhanced.
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6. CONCLUSIONS
This study aims to investigate the principle of speed guidance control and the effect on traffic
flow using model predictive control. Speed changed relative smoothly when the urban
expressway controlled under speed guidance. It is necessary to evaluate the effect on traffic
safety. Furthermore, speed guidance control should follow the principle of quantified traffic
safety. Vehicle trajectory was analysed through SSAM based on the actual expressway model
established in VISSIM. Detailed analysis on the conflict was handled. The log-linear model
was established considering the factors affected the velocity. Model predictive control was
involved to optimize the speed value which was safety-oriented. The crash risk generally
forms by dynamic random traffic flow, static traffic facilities and unreasonable traffic control
strategy which is the potential factor induced the crash. Traditional research focus on the realtime control after the crash had happened which are lack of predictability, delaying in
response and not considering the countermeasures for real-time crash risk. Based on the
demand of real-time control, speed guidance is introduced to establish the dynamic control
model in order to grasp the possibility and severity of the crash risk. Then collaborative
optimization method to intervene the crash risk using speed guidance control is built.
Feedback between design framework program and real-time program is processing utilized
active traffic management mechanism. Single-point value of speed guidance control is
explored and optimization strategy about multi-point values is also established considering
physical variables and speed derived variables. Software integrated environment is building to
identify crash risk and apply dynamic speed guidance control strategy. Control strategy of
speed guidance by crash risk intervening for urban expressway is created. The results will
reveal the discipline of expressway crash risk and provide theoretical support and technical
basis in reducing risk, preventing block and controlling congestion. Under the speed guidance
control, safety and efficiency of expressway both have been improved which has important
reference for delicacy traffic control and management.
However, there are remains rooms that needed future endeavours. First of all, more safety
factors should be taken into account in the log-linear model to form a more complete
quantitative safety objective function. The length of the road section was decided considering
the reference researches which pay close attention to the physical properties of the
expressway. Dividing the length of the road into different sections will inevitably lead to
different results, and then the effect of speed guidance control was diversification. Optimal
control model based on length of the road needs to establish in the future. Second, obedience
of the driver to the speed guidance value directly affects the effect; the effect might also lose
even play a negative role in some cases, so we should consider the impact of the rate that
drivers obey the information in reality. Though efficiency and security had been taking into
account in the research, environmental benefits were ignored. As a very important direction of
future research, speed guidance control based on ecological driving is required to establish the
models and strategies. At last, applying the method presented in the paper to the actual speed
management and control on the real expressway system, and this work is underway.
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