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Abstract: Intelligent transport systems (ITS) are a convergence of information technology and
transportation systems as seen in the variable speed limit (VSL) system. Since the VSL system
controls the speed limit according to the traffic conditions, it can improve the safety and efficiency
of a transport network. Many researchers have studied the real-time VSL (RVSL) algorithm based
on real-time traffic information from multiple stations recording traffic data. However, this method
can suffer from inaccurate selection of the VSL start station (VSS), incorrect VSL calculations, and is
unable to quickly react to the changing traffic conditions. Unstable VSL systems result in more
congestion on freeways. In this study, an enhanced VSL algorithm (EVSL) is proposed to address
the limitations of the existing RVSL algorithm. This selects preliminary VSL start stations (pVSS),
which is expected to end congestion using acceleration and allocates final VSSs for each congestion
interval using selected pVSS. This controls the vehicles that entered the congestion area based on the
selected VSS. We used four metrics to evaluate the performance of the proposed VSL (VSS stability
assessment, speed control stability assessment, travel time, and shockwave), which were all enhanced
when compared to the standard RVSL algorithm. In addition, the EVSL algorithm showed stable VSL
performance, which is critical for road safety.

Keywords: variable speed limit; traffic control; travel time; intelligent transportation system

1. Introduction

Intelligent transportation systems (ITS) are integrated traffic systems based on the convergence
of civil engineering and information technology fields. Such systems aim to provide a low cost/high
efficiency traffic management system that enhances traffic safety. Several studies have been performed
with the aim of reducing traffic congestion and alleviating the risk of car accidents on urban expressways.
Both variable speed limit (VSL) and ramp metering technologies are representative methods for
improving traffic conditions on expressways [1]. When vehicle accidents and traffic shockwaves are
present, sudden variations in traffic flow are inevitable, which increase the risk of further accidents.
In the VSL system, speed indicators are installed on the roads at regular intervals and the system
collects traffic information in real time. Based on this information, the VSL system controls traffic
flow by applying suitable speed limits in the regions suffering from traffic congestion. Hence, the VSL
system can alleviate traffic congestion. In addition, a major advantage is its fast response to sudden
events, such as road repair works and vehicle accidents. Since the VSL system enhances road safety,
it is an important solution for upcoming ITS [2,3].

Existing VSL systems [4] used traffic information collected from single stations, which are
devices to detect vehicles as a like magnetic loop detector, deployed in the different sections of road.

Electronics 2020, 9, 801; doi:10.3390/electronics9050801 www.mdpi.com/journal/electronics


http://www.mdpi.com/journal/electronics
http://www.mdpi.com
https://orcid.org/0000-0003-2982-5121
https://orcid.org/0000-0002-1069-4232
http://dx.doi.org/10.3390/electronics9050801
http://www.mdpi.com/journal/electronics
https://www.mdpi.com/2079-9292/9/5/801?type=check_update&version=2

Electronics 2020, 9, 801 2 of 22

This approach has already contributed to improving traffic congestion. However, in the case of urban
expressway environments where the vehicles are travelling at high speed, an appropriate VSL system
should consider the traffic conditions detected by multiple stations since traffic in one area can affect
other parts of the expressway. Hence, recent VSL studies proposed the real-time variable speed limit
(RVSL) method [5-8], which focuses on traffic control between multiple stations.

Especially, Jo et al. (JVSL) [7] is one of the most recently studied RVSL models and shows a very
good performance from the freeway in Twin City, Minnesota. Although this algorithm shows good
performance, it could not be applied to the highway due to some problems as below. It is operated next.
First, it was found that the congestion area of the freeway contained multiple VSL sections. In addition,
it defines the VSL start station (VSS) and controls the speed limit of vehicles in real time. However,
often, the JVSL cannot determine the correct VSS. Errors occur in the calculation of the VSL for each
station, which can shut down the entire system. This often happens with legacy RVSL systems. Since
the purpose of VSL is to improve the safety on roads, if the VSL system cannot stably control traffic
flow, traffic congestion will not be alleviated and could be aggravated over time.

Based on the VSS, the VSL algorithm controls the speed of the vehicles entering the congested
section of the road. To control the speed, the VSL displays the modified speed value on a dynamic
message sign (DMS), which is visible to drivers and located at a different location than the station.
Thus, the VSL system must control the speed of vehicles based on the location of the DMS. However,
the JVSL model calculates the VSL value of each station based on the position of the VSS instead of the
location of the DMS. Since the stations and DMS are in different areas, an accurate VSL value cannot be
displayed on each DMS device.

In this study, an enhanced VSL algorithm (EVSL) is proposed to address limitations of the existing
JVSL algorithm. The proposed algorithm enhances the safety on the freeway because it provides
a stable VSL for multiple stations. The proposed algorithm is composed of three parts. First, the moving
average speed is calculated to achieve the stable speed data of each station. Second, a new method is
proposed for making VSS assignments to accurately determine the VSS. Third, a new method calculates
the VSL value of each station based on the VSS and DMS locations, instead of using only the station
location. Lastly, the new VSL is applied to the DMS of each station. To evaluate the proposed algorithm,
we constructed a simulation environment presenting real road conditions (outer ring road in the south
of Seoul, South Korea). The PTV VISSIM software was used to simulate our proposed algorithm.
Calibration of the system using the raw data was performed to make it suitable for use in a similar real
traffic environment. The proposed algorithm was compared to the existing JVSL algorithm considering
the efficiency and stability. The proposed VSL method showed better performance for all four metrics
used to evaluate the performance (VSS stability assessment, speed control stability assessment, travel
time, and shockwave).

The remainder of this paper is organized as follows. Section 2 reviews Existing JVSL algorithms
and discusses the problem of them. Section 3 proposes an enhanced VSL algorithm to solve JVSL
problems. Section 4 describes the experimental environment to simulate a real traffic environment.
Section 5 offers measurement and evaluation of the performance of the proposed enhanced VSL
algorithm. Section 6 concludes the paper.

2. Control Design and Problems of JVSL

The VSL system is being employed to reduce traffic accidents on urban freeways. Traffic accidents
and shockwaves on the road suddenly affect the speed of vehicles, which can cause additional
accidents [9]. To solve this problem, the VSL system collects real-time traffic information, which is used
to determine an appropriate speed limit for each section of the freeway suffering traffic congestion.
With an active VSL system in place, the vehicles reduce their speed before entering the congested
section, which reduces the risk of accidents and improves road safety. The VSL system is composed
of three elements including sensors monitoring the traffic conditions, the control system processing
the sensing data, and the DMS devices displaying the VSL. Since the VSL enhances the stability of
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traffic flow and reduces driver stress, it is widely applicable. Specifically, to improve the stability of
freeway conditions, several studies measured traffic data and analyzed them in real time. These studies
focused on data such as the speed, density, and volume of traffic. In addition, some studies proposed
an integrated system including both VSL and ramp metering on interconnections [10,11].

Previous studies developed VSL algorithms based on information received about the road
conditions, which contributed somewhat to road safety. However, since these studies were based
on data from single stations, inadequate performance was observed for multiple stations and they
required 5-10 min to update the VSL. To provide a quick reaction to the rapidly changing traffic
conditions, the VSL system should monitor variations in real time. Hence, a VSL update time of more
than 5 min is expected to cause other traffic problems. Hence, the RVSL system was proposed [7,8].

The JVSL is one of real-time VSL algorithms based on the interworking model between stations
on urban freeways. Stations are installed on the freeway with an interval of 1-2 km and collect the
traffic information. The JVSL algorithm determines the VSL value based on the information such as
speed, density, and traffic volumes. In addition, to quickly react to variations in traffic conditions,
the system collects traffic information at 30 s intervals and calculates the VSL value. The JVSL is
composed of four stages. As shown in Figure 1, first, the bottleneck station (BS) where the traffic
congestion occurred and its location are identified. Second, based on this information of BS, the VSS
location is examined, which represents the tail station of the traffic congestion area, as shown in
(Figure 1 ). Third, based on the VSS, this system determines the number of stations controlled by
the VSL (Figure 1 ®). Lastly, this displays the speed value calculated at each station in the DMS.
For several years, the JVSL algorithm has been studied on urban freeways based on the real-time traffic
data from multiple stations. However, it showed several problems, which caused malfunctions in the
algorithm at various stages of the calculations. In this study, to examine the limitations of the JVSL
method, we analyze each stage of the process.
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Figure 1. Schematic diagram showing the variable speed limit (VSL) algorithm of the real-time variable
speed limit (RVSL) system.

2.1. Bottleneck Station (BS) Detection

As shown in Figure 1, to detect the VSS, the JVSL searches the whole area suffering traffic
congestion. First, this detects and identifies the start point (start location) of traffic congestion as the BS
(Figure 1). This calculates the speed difference between two stations for a period of 1.5 min in order to
identify the BS. However, since the JVSL algorithm selects the BS using only one simple parameter
(speed), it cannot quickly react to ever-changing traffic conditions. These critical points cause many
traffic control problems for the ITS.

Figure 2 shows three types of speed graphs being operated by the JVSL system in a particular
zone, where the traffic speed (red line) are shown at locations of stations. Calculated VSL speeds are
shown in blue circles, and displayed VSL speed is adjusted to be displayed in units of 5 km/h, which
are shown in black circles. In addition, the VSS location and traffic congested section are identified.
The horizontal axis denotes the stations (2.5 km spacing), while the vertical line shows the speed of
each station. The VSS is the selected station connected to the red solid line. For example, in Figure 2a,
S7 is the VSS. These figures highlight three problem areas from the JVSL.
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Figure 2. Example graphs of incorrect Variable Speed Limit Start Station (VSS) decision in Jo et al.
(JVSL) algorithm [7]. (a) and (c) are scenarios where only 1 VSS is selected for 2 congestion zones. (b) is
a scenario where the wrong VSS location is determined. Each graph includes speed (red line) of each

station in the congestion section of the freeway.

The example cases in Figure 2a,c include two types of congestion areas, which has low speed flow
under 30 km/h. In fact, when the congestion began, these contained only one congestion area, but,
over time, it was changed to two congestion areas. Since the JVSL cannot anticipate this variation in
traffic flow in real time, only one VSS (congestion area 1) was selected in each case. However, after
1.5 min, analysis of the speed difference is performed again, and the JVSL can select a different VSS in
the congestion area 2. However, since urban freeways have rapidly varying traffic conditions, this slow

reaction capacity of the current JVSL causes safety problems on the road.
In this study, we propose a new method for rapidly detecting the VSS position. The proposed

method searches for locations that we expect to be the end of congestion to detect the correct VSS
location quickly instead of identifying the full location suffering traffic congestion (Section 3.2.2).
In addition, the proposed method can quickly detect the VSS from the predicted locations and can

rapidly react to real-time variations in the traffic conditions (Section 3.2.3).

2.2. VSL Start Station (VSS) Decision

To detect the VSS, as shown in Figure 1, the JVSL searches the speed (U) of congestion sections
from the BS. While searching the process, if the selected station satisfies Equation (1), that station is
designated as VSS. U denotes the speed. S denotes the station. i denotes the station number. f denotes
the time. Minimum VSL is the lowest speed value to control the vehicle speed in the VSL system.

Most of the algorithms varying from studies are set to 30 km/h [4].

If Uy — U; > threshold then VSS = S;



Electronics 2020, 9, 801 5o0f 22

where 16k
If U;_1 > Minimum VSL; then threshold = Tm
If U1 < Minimum VSL; then threshold = Minimum VSL;_q 1

JVSL decides the VSS using the speed difference between the current station (U;) and the next
station (U;_1), where the threshold value is 16 km/h, as shown in Equation (1). However, since the
traffic flow conditions on the road are unpredictable, if an unproven fixed value is used as the threshold
value, inaccurate VSS values could be chosen.

First, even in the congested section, the speed difference could be over the threshold value.
For example, the speed of S12 (Station 12) is in the congestion area 1 of Figure 2. The VSS in which the
VSL should operate is S11 in the congestion area, but 513 is selected as the VSS. Figure 2b also selects
the wrong S13 as the VSS rather than S14. Therefore, this system displays an inappropriately high VSL
value in the wrong place. Inaccurate VSS decisions lead to problems in the VSL calculation process.

Second, as shown in Figure 2a,c, the VSS cannot be decided from congestion area 2 because the
VSL system is suspended for unknown issues (Figure 2a) or spends plenty of time determining and
creating the new VSL. The VSL should be constant over the congested section and vehicles entering this
region should be continuously controlled. If the VSL system is suspended in the middle of congestion
control or is re-started, it can have a severe negative impact on traffic flow.

Our proposed method (Section 3.2.2) addresses the inaccurate VSS decisions made by the JVSL
by using both the speed and acceleration from real traffic data to predict possible VSS values. Lastly,
an accurate VSS is determined and used to control the congestion areas.

2.3. Number of Control Stations and VSL Calculation

The JVSL calculates the number of stations controlled by the VSL. First, by comparing the fixed
speed limit with the real traffic speed at the VSS, the scope of controlled stations is designated. If the
speed of the VSS is higher than the speed limit, as the difference between the speed decreases, the scope
of VSS control also decreases. Second, when a shockwave is calculated, the total congestion situation on
the road should be examined. Lastly, the number of control stations is decided using the VSL system.

The JVSL establishes the number of control stations with a minimum of two and a maximum of
three. If many stations are controlled by the VSL, the travel time will increase. Hence, an upper limit is
set. Since the distance between stations is generally 0.3-2 km, it is acceptable to determine the scope
of VSL control, according to the number of stations. However, in this case, the maximum distance
over which a reduced speed is applied can reach up to 6 km and greatly affect the total travel time.
Therefore, it has been proposed that the maximum distance over which the VSL is applied is 3.2 km [7].

As mentioned above, the VSL calculation in the JVSL depends on the number of control stations,
where the location and speed of the VSL are calculated using strategy 1, 2, and 3. In order to provide
accurate VSL control, the DMS location should be included in the process of calculating the VSL.
However, JVSL calculates VSL speed based on location of station and display it in the DMS, which is in
a completely different location from the station. These are caused to display an incorrect speed limit to
the vehicles entering to the congestion area and reach more traffic accidents than when the VSL is not
in operation.

In Section 3.3, based on the VSS, the moving time, speed, and acceleration to downward DMS
within 3.2 km are analyzed. The optimal VSL distance and value are selected, along with a VSL value
for each DMS. Using this approach, the new VSL system operates based on the DMS instead of the
stations, while the vehicle speed can be controlled within the optimal VSL distance.

3. Enhanced Variable Speed Limits (EVSL)

VSL systems can decrease the risk of accidents by detecting areas suffering traffic congestion on
urban freeways and applying speed limits on those sections. When high speed vehicles approach those
with lower speed, the accident rate increases significantly. Hence, the VSL system detects the sections



Electronics 2020, 9, 801 6 of 22

with the greatest speed differences between vehicles on the freeway and initiates speed control. It is
a goal of VSL systems that total travel times are not significantly decreased when the speed reduction is
applied on a freeway. To accomplish this, it is necessary to apply an appropriate speed over an accurate
VSL operation area.

In Section 2, the existing JVSL method was introduced and its limitations were discussed.

e  The method for selecting the congestion area is too simple. It does not exploit enough traffic data
to allow it to rapidly react to the real traffic conditions, which results in inaccurate congested
sections and VSS detection.

e  Method for determining the VSS using only speed data is too inaccurate and simple. Inaccurate
VSS decisions lead to problems in the VSL calculation process that generates the wrong speed
limit or system suspend.

e  Method foradjusting the maximum VSL distance risks delaying the total travel time. The maximum
distance over which a reduced speed is applied can reach up to 6 km and greatly affect the total
travel time.

e  Method for calculating the VSL value of each station is based on the location of the VSS instead of
DMS. Since the stations and DMS are in different areas, an accurate VSL value cannot be displayed
on each DMS device.

Since this method has some critical problems mentioned above, it is impossible to operate the
JVSL algorithm to the real urban road for vehicle safety. Therefore, in this section, we aim to apply
a new algorithm to the freeway after solving them.

The enhanced VSL algorithm proposed in this case is based on selection of both the DMS and
station and is composed of three steps, as shown in Figure 3. First, it calculates the moving average
speed to calculate the speed for each station. Second, the VSS is decided based on a new method. Third,
the VSL is calculated based on both the location of the VSS and DMS. Lastly, the calculated VSL values
are applied to the relevant DMSs. These steps are discussed in more detail in the following sections.

Every 30 second <—

y

Moving Average
Speed Calculation

v

VSS Decision

v

VSL Calculation
& Display

Figure 3. Flow chart of the enhanced variable speed limit (EVSL) algorithm.

3.1. Moving Average Speed Calculation

The proposed algorithm quickly reacts to the actual traffic conditions on the freeway. To achieve
this, the algorithm takes traffic data every 30 s from each station and updates the VSL based on recent
traffic information. The process of collecting traffic information by the traffic control system to use
data in VSL is as follows.

e  The traffic detection management devices installed at each station on the freeway collects vehicle
data from sensors.



Electronics 2020, 9, 801 7 of 22

e  The collected data is transmitted to the central server every 30 s including traffic volume, percent
of Occupancy, average speed, and density calculated from each management device.

e The proposed algorithm is performed every 30 s using vehicle information recorded in
a central database.

We obtain the average speed (1), density (k), and volume (g) for 30 s from the central database.
Figure 4 shows the parabolic relationship between the traffic flow (volume) and density [12]. This figure
shows that, as the traffic flow increases, the values of flow and density also increase. In addition,
the accuracy of speed increases, since the number of vehicles that can be referred to rises as the

flow grows.
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Figure 4. Relation between density and flow.

However, after the maximum flow value is reached, the density value decreases. We realize that
traffic congestion begins at this position. We denote this position as the critical density (k.) at which
the road is occupied by the maximum density of vehicles possible. After k., although the density value
increases, the traffic flow begins to decrease because traffic congestion results in low vehicle speed.

If the density exceeds k. and reaches jam density (kju,), the flow value is 0. This means that
traffic has stopped. From this observation, we define three traffic states [12]: very low flow, free flow
(k < k¢), capacity flow (k = k.), and congestion flow (k > k;). Therefore, as the density approaches
zero, the number of vehicles passing through the sensor decrease, and the accuracy of the speed also
decreases. In this case, we can assume the cases where the speed data could be zero when collecting
traffic data from sensors every 30 s. There are two cases where the speed is zero. First, there is no
vehicle passing the station in the period of 30 s, and the speed and density value are zero. In this case,
the proposed algorithm determines the station as an area where the vehicle does not pass, sets the
speed of the station to the speed limit (100 km/h), and does not select the VSL operating zone. Second,
the density reaches jam density (kj;,;) as mentioned in the above paragraph. In this case, we set the
speed value considering Equations (2) and (8).

VSL aim to ensure traffic safety and reduce traffic congestion in high traffic environments.
Therefore, VSL will tend to be operated at free flow (k < k;) or capacity flow (k = k;), and, in this
area, the probability of an error calculating the wrong speed is less than low flow and traffic jam,
since the speed is calculated using sufficient vehicle data. Basically, the proposed algorithm basically
uses a moving average speed. If the road state has a constant speed (uniformly accelerated motion)
for 1 min 30 s, the sensors constantly measure a constant speed value and we can get relatively high
reliability speed data from them. Therefore, the average data for 1 min (two periods: 30 s X 2) is used
as speed data in the general case, as shown in Equation (2).
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However, it may be difficult to obtain accurate speed data if the speed trend of the station has not
been constant such as the lowest volume capacity (lowest vehicle density and highest speed) and the
congestion area (highest vehicle density and lowest speed: kj,;,) due to low reliability of the sensors.
Especially, the sensor cannot measure the accurate data in the congestion area because performance
of the vision detector is poor at low speeds and the loop detector also has low speed measurement
accuracy at high density traffic flow due to sensor characteristics [13,14]. Therefore, the algorithm
finds a stable moving average interval (MAI) based on road conditions after deciding whether the
measurement area is congested or not based on the density of vehicles, as shown in window size 2 of
Equation (2).

Up2i< Up-1,i< Up; OF Upp; > Up1,; > Upj OF Up i = Up1; = Up;
35<k

35>k>25

25>k >15

15>k >10

, 10 > k

~

~

~

MAI = @)

~

AN NN I N ]

To classify the window size of the average speed based on the density at the congested area, we
classify each density area based on average k. of the freeway where the VSL is operated in. First, k.
of each station is obtained from Equation (3). It is calculated by the Green Shield Model using the
maximum traffic flow (Qc) and free flow speed (V) [15].

Q:
vf

ke = ®)

Qc is obtained from Equation (4). kj;;, refers to the density of traffic congestion. To calculate
Equations (3) and (4), V¢ and ki, should be calculated first. They can be obtained from real road
data. However, it is difficult to calculate these two values accurately. Therefore, we calculate their
approximate values from Equations (5) and (6) based on the speed (v) and density (k) values obtained
for the corresponding road. However, the v and k values vary depending on whether the traffic state is
smooth or congested. In this study, traffic data are collected for a real road, and the k and kj;;,, values
are obtained from Equations (5)—(7).

k‘am
Q=L @
of
kjam = m (5)
Uf =0- b% (6)
ki —k)(vi =
,_ Lki-k)© : 9) -
Y.(ki = k)

We set the window size for calculating the moving average of the speed according to the reliability
of the sensor if the trend of the speed for 1 min and 30 s is not constant. The window size is set based on
the density since the reliability of the sensor is determined by the number of vehicles passing through
the sensor. First, the density section, k., where congestion begins is determined. Each station on the
road has a different k. value. Figure 5 shows the average speed and g-k graph for the congestion area
of the Seoul Outer Ring freeway from January 2016 to January 2017. Referring to g-k scatter graph, k.
distribution of each station can be seen to have a value of about +5, based on the average density value
30. Therefore, we determined the interval of k. in Figure 4 as 25 (D) — 35 (D7) based on empirical data
in order to generalize the k. values of all stations. Second, in the case of a highly reliable free flow speed
area that includes a large number of vehicles as in Figure 5, the density value for selecting the window
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size is determined according to the flow (g) value. In this paper, we set the free flow speed area from g,
to a minimum value of flow by referring to the q-k scatter values in Figure 5. Therefore, D, in Figure 4
is determined as the density value of 10 at the minimum value position of the free flow area. Third, D3
for setting the confidence area in the free flow uses the value of 75% from the reference value of Dy [15].
In this paper, we use the value of D3 as 15. Lastly, the window size is determined as in Equation (2).
The lowest density and highest density areas with very low vehicle information are 6 (3 min), the low
density and high-density areas are 4 (2 min), and the free flow speed area is 3 (1 min 30 s).

Average Speed, Congestion Area Average Q-K, Congestion Area
(2016-2017) (2016-2017)
120 Free Flow Speed ~ 1200 v
=100 ,— o, S Faidars
E 80 'Mw-n.lq——/ ke — = 1000 , /‘/: VAT s
o N 03 ) = LI
< 60 = 800 yanrs
] ) Y
)] 40 ("™ ., !
o 600 :
v 20 +—>,
0 400 Free Flow Speed
5:01:00 6:30:00 7:59:00 9:28:00 10:57:00 0 20 40 60 80 100
Time Density (k)

Figure 5. The average speed and g-k graph for the congestion area of the Seoul Outer Ring freeway
from January 2016 to January 2017.

The moving average speed is calculated using Equation (8). u denotes the speed, t denotes the
time, i denotes the station number, and k denotes the density.
MAI-1
n=0 ut—ﬂ,i

MAI ®)

um}g(km/h) =

3.2. VSL Start Station (VSS) Decision

The station at the start of the congestion area is designated as the VSS, and the VSL system controls
the speed of vehicles from this point (where the high-speed traffic meets the slower vehicles), as shown
in Figure 1. Based on the selected VSS, the VSL value is established for each station, as shown in
Figure 1. Therefore, an accurate decision of the VSS is necessary to ensure stable performance.

Our EVSL algorithm provides a more accurate and efficient manner of determining the VSS location
compared to the standard RVSL system. This is achieved by using the vehicle acceleration between
stations to assist in the detection of pVSS locations and selection of a final VSS. High acceleration
values are usually observed at pVSS locations.

The algorithm analyzes past traffic data for the pVSS locations and compares them to the real
acceleration values in order to identify locations with significant variations in traffic flow. Generally, at
the start of the congested region, the traffic flow changes abruptly and large differences in the speed
between stations are observed. Therefore, the predicted VSS locations can be detected accurately.
Lastly, this system selects the final VSS after a merging operation is performed on overlapping sections,
which are assumed to be a single congested section among the pVSS locations.

3.2.1. Acceleration Calculation

The pVSS locations are selected as described in the previous section. When acceleration
values between stations are calculated, accurate speed differences can be predicted for each station.
Figure 6 shows the method for calculating the acceleration at each station. Basically, EVSL calculates
an acceleration using the distance and speed between station S; and the preceding station S;_1, as shown
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in Figure 6, where Equation (9) shows the corresponding acceleration equation. u denotes the speed,
i denotes the station number, and d denotes the distance between stations.

u? —u; 2

Acceleration of Station;(km/n*) = lzT )
0.3km
R Direction
E‘ig.* O—%—@ %
Si—s Si—4 Si-3 Si-z Si-1 K

—— —

Acc from S;_g cc from S;_4
O station # Start Station for acc calculation @) End Station for acc calculation

Figure 6. Schematic diagram showing the method for calculating acceleration at each station.

If the distance between two stations is less than 300 m, when vehicles are travelling over 80 km/h,
the speed difference between two stations is too small to detect. Hence, we calculate the acceleration
over a minimum distance of 300 m. As shown in Figure 6, the downstream station (S;_4) installed
within 300 m from the upstream (S;_3) station is merged with the upstream station (S;_3) and excluded
from the acceleration calculation and pVSS determination. Therefore, the acceleration for S;_j is
calculated with respect to S;_5 instead of S;_4.

3.2.2. Preliminary VSS (pVSS) Decision

First, our EVSL algorithm selects candidate VSSs that are considered to be tail portions of
congestion areas to determine an accurate VSS location. In generally, VSS is the tail portion of the
congestion area. If a vehicle approaches the VSS, its speed should rapidly decrease. Therefore, as shown
in Figure 7, we can estimate that two areas (between S;_; and S;_3 and between S;_4 and S;_s) are the
pVSS, which is a high deceleration congestion estimated area. Hence, S;_, and S;_4 are selected as
pVSS locations following the criteria given by Equations (10) and (11), which use the acceleration and
speed values between the current and previous stations.

High Deceleration

] Congestion Estimated Area
1

| —~— v v

Speed

‘ i L Direction of traffic

Si—6 Si-s Si—4 Si—3 Si—» Si_1 S; Distance

Figure 7. Schematic diagram showing the method for determining the preliminary VSL start station
(pVSS) locations from the station location and speed.

To select the pVSS, the threshold value of acceleration and speed was investigated [16].
This approach is based on reports of accidents occurring on the I-35W freeway in Minnesota, USA.
We judged that there would be no problem even if the data investigated in Reference [16] was
used because the road environments of the Seoul outer ring freeway composed of the experimental
environment and the I-35W were similar. This includes the number of lanes (I-35W: 3-5, Seoul outer
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ring: 3-5), speed limit (I-35W: 104 km/h, Seoul outer ring: 100 km/h), and more. Figure 8 shows the
distribution of acceleration and speed for the accidents occurring for 2009.9-2009.12 on the I-35W
freeway, which has a normal speed limit of 104 km/h (65 mile/h). It can be seen that 60% of the accidents
occurred below 90 km/h (55 mile/h) and below acceleration values of —2400 km /h? (—1500 mile /h>*2).
In this case, when the current station (S; ;) is not the VSS at t — 1, if the speed of S;; is < 90 km/h and
the acceleration is below —2400 km/h?, S;; could be selected as a pVSS in Equation (10). S denotes
the Station, ¢ denotes the time, i denotes the station number, u denotes the speed, and a denotes
the acceleration.

St,l - PVSS, if u(t_z’t_l’t)’l S 90 km/h and a(t—z,t—l,t),l—l S _2400 km/hz (10)

500 | *
-500 @ 20 40 8 60 80 100
& -1000 ,
-1500 7S & ,
-2000 2 : *
-2500 & | |
-3000 » ’0’
-3500 - |
-4000 | , X
-4500

Deceleration/Acceleration Rates
(mile/h

Speed levels of detector station, u, ;, downstream of crash location
prior to incidents (mile/h)

Figure 8. Measured accelerations of traffic flow prior to accidents on the I-35W, Minnesota, USA (2009).

In addition, when S;; was assigned as the VSS at t — 1, if it satisfies Equation (11), it could
continuously be assigned as a pVSS.

Sti = PVSS, if aj_gs 141 < —1200 km/p2 (11)

In our EVSL algorithm, to reduce the error of VSS calculation arising from the short update period
and allow stable selection of the pVSS, if a station satisfies the conditions of Equation (10) or (11) for
1.5 min, it qualifies as a pVSS.

3.2.3. VSS Decision

The VSS is finally selected from the group of pVSS. Figure 9 shows the congestion area, locations
of pVSS, and the method for determining the VSS. In Figure 9a, there are two pVSSs that can be final
VSS in the congestion area. However, if the VSS is chosen in the congestion area as shown by the
pVSS, S;_; in Figure 9a, this may worsen the congestion than before. In addition, since the speed of
the congestion area is already low, application of a VSL in this area is not necessary. Therefore, such
unnecessary pVSS locations should be eliminated and an accurate VSS is required to control the speed
of the vehicles approaching the congested area.
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Figure 9. Schematic diagram showing the method for determining the variable speed limit start station

(VSS). (a) The location of pVSS and upward search in the opposite direction of traffic flow to find the
scope of VSL. (b) downward searching to select VSS.

First, to achieve this, upward searching opposite of the direction of traffic flow is performed from
the first downstream pVSS location. Searching proceeds until the condition of Equation (12) is satisfied
and part of the congestion area is defined by locating the first station that is not affected by traffic
congestion. We used a threshold value of congestion of 40 km/h following the definition of the Korea
Expressway Corporation [17]. S5 denotes the Station, t denotes the time, i denotes the station number, u
denotes the speed, and a denotes the acceleration.

Sti = End of Congestion, if a;; > 0kmn/n2 and u; > 40 km/h (12)

Next, as shown in Figure 9b, downward searching is performed from the station selected by
Equation (12) until the condition of Equation (13) is satisfied. As shown in the figure, the search
operation is performed up to the station near the congestion area.

Downstream Searching Stop Condition, if a;; > 0 km/i? (13)

Lastly, while the search process of Equation (13) is performed, the station satisfying the condition
shown in Equation (14) is updated as the VSS. The VSS is updated until the search process is finished,
which results in the pVSS near the end of the congestion area being designated as the VSS.

Si;=VSS, if ay; < —1200 kn/i? (14)

3.3. VSL Calculation and Display

The VSL system displays the corrected speed for each section of road via DMS installed on the
freeways. To improve on the existing JVSL algorithm that assumed that both the DMS and station
were at the same location, our new algorithm first defines the location of the DMS and VSL values
corresponding to specific DMS calculated based on the VSS. This results in more suitable speed being
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displayed on each DMS, where the vehicles entering the congestion area show a reduced speed on the
DMS located upstream from the VSS. Figure 10 shows the relationship between the VSS and DMS,
where the empty circles denote the station and filled circle denote the VSS. As shown in Figure 10a,
the V5SS is connected to all DMS systems located upstream, which defines the VSL distance. As shown
in Figure 10b, if the current VSS and the upstream VSS connect with the same DMS. The lower VSS
has priority.

(@) VSL Zone Associated VSS IDMS @ Vss

) ) -
Searching direction i P

VSL Distance
(b) VSL Zone Associated VSS VSL Zone Assoc1a:ted Vss

) )
A A

Searching direction

VSL Distance

Figure 10. Schematic diagram showing the relationship between the dynamic message sign (DMS) and
VSL start station (VSS). (a) A single VSS scenario for associating with DMS, (b) Multiple VSS scenario
for associating with DMS.

As shown in Figure 11, the VSL distance is the total distance from the VSS over which the VSL is
applied, which was limited to 3.2 km in our algorithm in an attempt to not affect the travel time of
vehicles within a travel distance [4].

VSL Distance

«--YSL Distance _
° Unmax | pms
2 /\ @ Station
wv
I, @ vss
Lo
RN
006 ﬂ\
Oy N
‘700 \\
0/0,’

Di
Si—6 Si—5 Si—4 Si—3 Si—Z istance

Figure 11. Schematic diagram showing the method for controlling the variable speed limit (VSL).

A new equation for the VSL distance is proposed, which is based on the speed, moving time,
and acceleration, as shown in Equation (15). Based on the current speed at the VSS, if VSL control
acceleration (a;;: VCA) is known, the total distance to reach the speed limit (1;,;; ;) can be calculated.
u denotes the speed, limit denotes the speed limit, i denotes the station number, ¢ denotes the time,
and a denotes the acceleration.

2 2
Ulimit,i~ — Ut,i

VSL Distance (km) = X a
bi

(15)

As shown in Figure 11, the VCA is used to calculate and decide the VSL distance and speed in each
DMS. In previous studies, the acceleration value was fixed as —2400 km/h? [4]. However, the speed
and distance vary according to the speed limit and traffic conditions. If the VSL is determined using
a fixed acceleration, wrong traffic information could be provided to vehicles on the freeway. Therefore,
a new method for calculating the VCA is required, which updates the value in real time. The new
equation for the VCA(a; ;) is shown by Equation (16), which exploits the speed difference between the



Electronics 2020, 9, 801 14 of 22

speed of the current VSS and the station that has the maximum speed within the 3.2 km VSL distance
from current VSS. In addition, this equation uses the travel time (t; ;) between 3.2 km from the VSS to
consider the current traffic condition. Lastly, VCA is calculated using travel time from the VSS and the
speed difference, which is shown in Equation (16). u denotes the speed, i denotes the station number,
t denotes the time, a denotes the acceleration, d denotes the distance, and 'y denotes the limited station.
Equation (17) decides the limit of stations. Since the length of the VSL is limited to 3.2 km, if distance
between current VSS and the station is more than 3.2 km, subsequent stations are not applied to the

VCA calculation.
MAX(”t,ir Upji, Mt,z‘—y) — U
api(km/i2, VCA) = (16)
t, ito iy

v =i, |dii — dioss| > 32 km (17)

Based on VCA, the speed of each DMS connected to the VSS is calculated using Equation (18).
To calculate the VSS speed, VCA(a; ;) and the distance between VSS and DMS are used, and the final

speed of each DMS can be achieved. u denotes the speed, i denotes the station number, f denotes the
time, a;; denotes the VCA, g denotes the DMS, and L denotes the distance between VSS and DMS.

Utg = \/Mt,VSSZ + 2 X ap; X L (18)

The VSL displayed on the DMS has the following restrictions: the minimum speed close to the
congested section is 40 km and the maximum speed is 80 km (at this value, the vehicle begins to reduce
its speed). Since the distance between the DMS locations is included in the calculation, the speed at
the DMS location is displayed at 5 km/h intervals following the definition of the Korea Expressway
Corporation [17].

4. Experimental Environment for Microscopic Simulation

The proposed algorithm was tested on sections of an outer ring expressway located in the south
of Seoul, Republic of Korea. This is a 25-km section located between Byeollae-IC and West-Hanan-IC
(Figure 12) with seven interchanges and two intersections connected to two freeways. This includes
a total of 23 stations, which are installed every 400 m to 2200 m and have the vision detections to
obtain the vehicle information in each lane, as shown in Figure 12. In the experiment, we used the
Verkehr In Stadten—SIMulationsmodell 6 (VISSIM 6, Karlsruhe, Germany, 2013) simulator supported
by the Planung Transport Verkehr (PTV) Corporation [18], which is a micro-simulator that can be
implemented and tested for various road environments. To control the traffic flow and VISSIM
simulator, we implemented the Korea highway traffic analysis (KHTA) system, which controlled
VSSIM and provided similar real road conditions in our experiments [19]. After the simulation
was complete, the performance of the VSL algorithm was evaluated using performance metrics.
The experiment was executed using the time zone suffering the most severe traffic congestion (5 AM to
11 AM). In addition, to simulate the pattern of various vehicles, five types of random seeds (Seed 10,
15,17, 20, and 25) were used to create vehicle patterns. In the simulation, open traffic data provided by
the Korea Expressway Corporation were used [20]. In addition, the system was calibrated to tailor
it for similar real road environments using the method proposed by Berkeley using the changing
vehicle-following behavior value [21].

VISSIM provides the various calibration parameters to control the vehicle behavior and regulation
on the road for the simulation. The calibration of parameters is the most important during the simulation
process because the vehicles in the simulator behave differently depending on the calibration parameters.
Therefore, it is necessary to adjust the vehicle behavior in the simulator similarly to the real traffic flow
through the calibration of the simulator parameters. In Figure 12, the bottlenecks of the measurement
section are Guri IC, Topyung IC, Gang-il IC, Sang-il IC, and Seo-hanam IC, which are interchanges that
many vehicles enter from another urban freeway or highway.
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Figure 12. Schematic diagram showing the section of the road (Seoul Outer Ring Road) tested in
the simulations.

Tables 1 and 2 are calibration parameters to make the bottlenecks similar to a real traffic road in
the simulation environment. Table 1 has calibration parameters for traffic flow control based on the
Wiedemann model, which has a model version released in 1974 and 1999 [22,23]. These models have
10 types of calibration parameters, which are named Calibration and Comparison (CC) and classified
by distance, speed, acceleration value, and more. We adjusted only three parameters to adjust the
traffic flow, which are CC1 (Headway Time), CC8 (Standstill Acceleration), and CC9 (Acceleration
at 80 km/h). CCl1 is desired headway time between the lead and following vehicles. CC8 is the
desired acceleration from standstill. CC9 is the desired acceleration at 80.45 km/h. Since these are key
parameters to affect the traffic flow and make a bottleneck, we use only them to adjust traffic flow of
the simulator environment.

Table 1. Calibration parameters (CC1, CC8, CC9) for Traffic Flow Control of Verkehr In Stidten -
SIMulationsmodell (VISSIM).

Parameter for Each Station

cc1 CCs8 CcC9
Link Type Headway Time Standstill Acceleration
Acceleration At 80 km/h

Freeway 10s 3.5m/s? 15m/s?
Guri Exit 12s 1.28 m/s? 1.5m/s?
Guri Entrance 1.85s 2.28 m/s? 15m/s?
Guri Toll Gate (TG) 05s 3.28 m/s? 1.8 m/s?
Guri TG After 1.0s 419 m/s? 15m/s?
Topyong 23s 1.85 m/s? 1.0m/s?
Kangil 1.75s 2.0m/s? 1.5 m/s?
Sangil Before 1.0s 3.19 m/s? 1.5m/s?
Sangil Entrance 24s 228 m/s? 1.19 m/s?
Sangil After 1.8s 2.58 m/s? 1.19 m/s?
Hanam 1.8s 319 m/s? 1.5m/s?
Seohanam 2.5s 1.0m/s? 0.95 m/s?
Seohanam Entrance 25s 1.5m/s? 1.0m/s?

Table 2. Calibration parameters for lane change control of VISSIM.

Parameters for Lane Change

Necessary Lane Change Dl\e/[cae);iergtlirgn —1m/s? per Distance D?citﬁiin
Own -3.0m/s? 77.33m —0.91 m/s?
Trailing Vehicle -3.25m/s? 70m -1.19 m/s?
Wait Time Before Diffusion Minimum Headway
23.13s 0.09m

Table 2 includes calibration parameters to adjust a behavior method for the lane change of the
vehicle in a simulator. The ego vehicle and trailing vehicle is affected from the Own vehicle. Maximum
deceleration is max deceleration of more than two vehicles and —1 m/s? per distance is preparing
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distance to reduce the speed of each vehicle. An accepted deceleration is the minimum deceleration of
each vehicle. Above parameter values are already measured from Shin at al. [24], which simulates
the same simulation section. Therefore, we fully follow the measurement values of the calibration
parameters obtained above.

5. Performance Evaluation

5.1. VSS Stability Assessment

A major advantage of VSL is its fast response to sudden events, such as road repair works and
vehicle accidents. Since the VSL system enhances road safety, it is an important solution for a traffic
environment. In addition, it aims to reduce the total travel time through traffic flow control. Existing
RVSL algorithms provide the VSL system, which focuses on traffic control between multiple stations
in the freeway. However, they select and use the wrong VSS, which is in the wrong place due to the
VSS selection error mentioned in Section 2.2. Hence, this wrong VSS occurs with various errors of the
whole VSL system, which cannot control and worsen the traffic flow.

Since the new EVSL was developed to improve accuracy of the VSS selection and reduce
propagation of errors in the total VSL system, we compared the VSS detection results using both the
JVSL and the EVSL algorithms, as shown in Table 3. Total simulation time is about 6 h at each random
seed, and the error rates in the selection of the VSS location were measured at 30 s intervals. The error
rates were calculated as the VSS locations +2 stations from the position where the correct VSS should
be located. The location of correct VSS was set manually by the human before re-simulation.

Table 3. VSL start station (VSS) decision error result.

JVSL EVSL

RasI:igm Total VSL Error Error Rate Total VSL Error Error Rate

(30 s Interval) (Percent) (30 s Interval) (Percent)
SEED 10 505 112 22.2% 555 1 0.2%
SEED 15 512 121 23.6% 571 0 0.0%
SEED 17 488 97 19.9% 532 0 0.4%
SEED 20 511 109 21.3% 540 1 0.2%
SEED 25 503 85 16.9% 545 0 0.0%
Average 504 105 21% 549 1 0.1%

In Table 3, the numeric unit of the Total VSL and Error is ‘tick,” which has an interval of 30 s.
Total VSL refers to the VSL working time among total time (720 ticks) and the error is the error issued
time. The experimental results for the five different random seeds used are shown. It can be seen that
the JVSL algorithm showed a VSS decision error around every 1 h (105 ticks/30 s), corresponding to
a high error rate of 21%, which has a negative effect on the calculation of the final VSL (in addition
to the traffic volume and accident risk). In contrast to the JVSL algorithm, the EVSL algorithm had
a very low error rate below 0.5% due to the selection of the correct VSS and suitable VSL. Hence, it is
expected that the new algorithm would enhance traffic safety.

The continuity of the VSL system is important, as discontinuities in the system can aggravate
traffic problems rather than improve flow. Figure 13 shows the variation in the selected VSS location
among all stations on the road at 5-min intervals for both the JVSL and our EVSL algorithm, where
the continuity of VSS is represented by a line graph. A station number of 0 means that the VSL is not
operative. Figure 13a shows the results using JVSL, where many instances of zero values occurred
during operation since the VSS was not selected within the required time and the algorithm was
stopped due to the wrong algorithm of the VSS calculation. In contrast, Figure 13b shows the results of
the EVSL algorithm, where good continuity was observed. Hence, this system is expected to provide
stable VSL control in practical situations.
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Figure 13. Comparison of the VSL start station (VSS) continuity for the (a) existing JVSL and (b) EVSL
algorithm. The x axis is the time (30 s interval). The y axis is the location of VSS. The number is the
station number on the road. Zero (0) with dot line means there is no VSS station on the road.

5.2. Speed Control Stability Assessment

The wide distribution of speed can result in large variations in speed, which increases the risk of
accidents on the freeway. The VSL system can keep the road safety by controlling the speed in the
sections with the highest speed variations. To evaluate the safety of the proposed EVSL, we measured
the speed variance on the tested freeway, as shown in Figures 14 and 15. To compare accurate situations
applying the no VSL, JVSL, and EVSL, we experienced speed variance on the corresponding stations
for the period from the beginning time to the ending time of the simulation.

As mentioned in Section 2.2, the JVSL has a problem to select the wrong congestion area.
In addition, since the JVSL determines the distance to apply a VSL algorithm to freeway by the
number of stations, instead of the station distance, it applies the VSL to longer sections of freeway than
necessary. Hence, since the JVSL provides the wrong speed value at the wrong place as mentioned
above, the speed variance of the JVSL is higher speed variance than that in the case of no VSL and
EVSL being applied over the time period of 5:45 AM to 6:45 AM when the traffic congestion starts.
The new EVSL algorithm showed slightly lower speed variance results than others over the same time
period with proper congestion area selection and precise speed control. In the time period of 7:00 AM
to 7:35 AM, the speed variance of the EVSL is higher than the JVSL because the EVSL has a traffic
congestion later than the JVSL.
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Figure 15. Variation analysis of total speed variance.

Figure 15 shows the comprehensive analysis of total speed variance over the time period of 5 AM
to 11 AM. We can see that the JVSL shows a relatively high rate of speed variance in a wide distribution.
On the other hand, since the EVSL shows a low rate of speed variance and narrower distribution than
others, it proves that the EVSL performs more stable VSL calculations than others and controls traffic
conditions more stably.

Figures 16 and 17 shows the average and max deceleration chart over the time period of 5 AM
to 12 AM, which compares the existing JVSL, new EVSL, and no VSL. The deceleration, which is
measured to evaluate the stability of traffic flow, is calculated by a difference between stations. We can
expect that a high deceleration between stations means the vehicles are entering to the congestion area
quickly and the drivers suddenly break a lot due to unstable traffic conditions. We prove the EVSL
algorithm decrease the average deceleration of congestion area over the time period between 5:45
AM and 6:45 AM (the time when the congestion begins), as shown in Figures 16 and 18A. Especially,
the EVSL algorithm shows the lower max deceleration than others from 5:45 AM to 8:00 AM, as shown
in Figures 17 and 18B, because it sets the VSS to the correct location, which is the tail of congestion area
and controls the vehicle speed through a correct calculation of the VSL speed.
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Figure 16. Average deceleration comparison between No variable speed limit (VSL), real-time VSL
(RVSL), and enhanced VSL (EVSL). The x-axis is the time (30 s intervals). The y-axis is average
deceleration (km/h?).

0

-1000

-2000

-3000

-4000

-5000

Max Deceleration(km/h”2)

-6000

-7000
5:05:00 AM  5:55:00 AM  6:45:00 AM  7:35:00 AM  8:25:00 AM  9:15:00 AM  10:05:00 AM 10:55:00 AM
Time (30 s interval)
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Figure 18. Max (a) and average (b) deceleration comparison between RVSL and EVSL.
5.3. Total Travel Time and Shockwave

Traffic control algorithms focus on the total travel time from the start point of the vehicle to the
destination. The VSL system reduces the speed of vehicles before a congestion area in order to enhance
road safety. However, if the VSL is applied over an excessively wide area, the real travel time could
be increased unnecessarily without improving safety. The JVSL algorithm can significantly affect the
total travel time because of the risk of operating irregular VSL due to a VSS decision error. Figures 19
and 20 compare the total travel times using the JVSL and the EVSL algorithm to the case of not using
a VSL system. The JVSL resulted in a longer travel time (an increase of 1-3 min) compared to no VSL
system. However, the EVSL algorithm showed a total travel time like no VSL.
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Figure 20. Total travel times for different traffic control algorithms by an hourly interval.

It has been proposed that the use of JVSL systems reduces the shockwave phenomenon in
congestion areas. However, this conclusion was based on studies of short sections (1-2 km) of road.
In the case of longer sections (20-30 km), there exists insufficient research since there are too many
related variables and controlled sections to analyze. As shown in Figure 20, when compared to the
non-VSL case, the new algorithm shows a reduced travel time (1-2 min for the peak time between 6:00
AM and 8:00 AM). This suggests that the shockwave phenomenon is alleviated. This phenomenon is
continued up to the section of the traffic congestion. Since the new VSL algorithm operated stably with
an accurate VSS, it is expected to reduce the risk of traffic accidents and the shockwave phenomenon.

6. Conclusions and Future Work

A new EVSL algorithm was proposed to overcome the limitations of the existing JVSL system and
improve safety on freeways. The new algorithm accurately locates the VSS position, which enables
it to correctly identify the sections of road to apply the required VSL. In addition, as based on the
DMS distance, it effectively established the VSL range for traffic congested sections. Simulation results
compared the JVSL system with the new algorithm. The existing algorithm showed many limitations
due to its inaccurate selection of the VSS location, which resulted in aggravation of traffic congestion.
In particular, analysis of speed control stability assessment and total travel time showed that the JVSL
applied incorrect VSL operations in specific sections. Hence, the speed variance of the JVSL is higher
speed variance for about 12% than that in the case of no VSL and EVSL being applied over the time
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period of 5:45 AM to 6:45 AM where the traffic congestion starts. A delay in the total travel time of
an average of 1-2 min was observed comparing with no VSL. In contrast, the proposed EVSL algorithm
produced an accurate VSS location and VSL value, decreasing the speed variance by 9% and the total
travel time by 1-2 min when compared to the case of no VSL system. Hence, the proposed EVSL is
expected to reduce the risk of accidents and alleviate shockwave phenomenon in the traffic congestion
area. Lastly, reduced shockwaves also decreased the total travel time. Our algorithm can enhance
freeway safety, along with traffic efficiency.

We also took advantage of the data provided by Mn/DoT to obtain the threshold of the speed and
acceleration for pVSS finding. They provide detailed distribution maps of speed and acceleration in the
event of an incident. However, a threshold based on domestic data is needed to find the correct pVSS
because the EVSL system is designed based on Korean freeways. Therefore, in a future work, we have
a plan to collect incident data based on domestic data and the tail portion data of the congestion area
based on the EVSL algorithm in operation in Korea. Based on the collected data, future studies will
determine the appropriate threshold of speed and acceleration for domestic roads.

In addition, we will study a traffic control system where VSL is integrated with ramp metering
where vehicles entering the freeway are controlled, as this is expected to provide a more effective traffic
control solution.
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