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A B S T R A C T

Recent technological advancements have facilitated the implementation of speed harmonization based on
connected and automated vehicles (CAV) to prevent crashes on the road. In addition, trajectory-level vehicle
controls are receiving substantial attention as sensors, wireless communications, and control systems are rapidly
advancing. This study proposes a novel vehicle speed control strategy to minimize inter-vehicle crash risks in
automated driving environments. The proposed methodology consists of the following three components: a risk
estimation module, a risk map construction module, and a vehicle speed control module. The essence of the
proposed strategy is to adjust the subject vehicle speed based on an analysis of the interactions among a subject
vehicle and the surrounding vehicles. Crash risks are quantified by a fault tree analysis (FTA) method to in-
tegrate the crash occurrence potential and crash severity at every time step. A crash risk map is then constructed
by projecting the integrated risk of the subject vehicle into a two-dimensional space composed of relative speed
and relative spacing data. Next, the vehicle speed is continuously controlled to reach the target speed using risk
map analysis to prevent a crash. The performance of the proposed methodology is evaluated by a VISSIM si-
mulator with various traffic congestion levels and market penetration rates (MPR) of controlled vehicles. For
example, an approximate 50% reduction rate of the crash potential was achievable without a loss of the op-
erational performance of the traffic stream when all vehicles were controlled by the proposed methodology
under the level of service (LOS) C conditions. This study is meaningful in that vehicle speed control is performed
for the purpose of speed harmonization in a traffic stream based on a comprehensive analysis of inter-vehicle
risks. It is expected that the outcome of this study will be valuable for supporting the development of vehicle
control systems for preventing crashes in automated driving environments.

1. Introduction

Traffic safety is a top priority issue to be addressed in the trans-
portation field because it is directly related to human lives. Among the
various countermeasures employed to prevent crashes on the road,
advanced vehicular technologies have attracted much attention for the
reduction of crashes resulting from human driver errors. In particular,
speed harmonization based on controlling the vehicle speed is a pro-
mising measure to enhance the safety performance of the traffic steam
by preventing crashes in automated driving environments.

For effective speed harmonization, individual vehicle maneuvering
should be properly controlled by connected and automated vehicle
(CAV) technology. Automated vehicle speed controls have recently
been implemented by several commercialized vehicular technologies,
including adaptive cruise control (ACC), cooperative adaptive cruise

control (CACC), and the automatic emergency braking system (AEBS).
It has been widely reported that such longitudinal vehicle control
measures can improve traffic flow stability representing the indirect
crash potential (Shrivastava and Li, 2000; Darbha and Rajagopal, 1999;
Schakel et al., 2010; Pueboobpaphan and Arem, 2011; Jeong et al.,
2017). These systems are intended to maintain the proper spacing be-
tween the leading and following vehicles. Recently, research on vehicle
control and safety has been conducted in relation to autonomous ve-
hicles. These studies include the identification of risks on the road (Kim
et al., 2017), the planning of routes to avoid obstacles (Ji et al., 2017)
and the use of vehicle controls considering driver comfort (Pan et al.,
2017). It has also been demonstrated based on extensive simulations
that environmental impacts can be reduced by CAVs, which can also
provide safety and delay improvements (Talebpour et al., 2013; Wang
et al., 2015; Li et al., 2014).
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In addition to studies on longitudinal vehicle control systems, re-
search on lateral vehicle maneuvering has also been actively conducted.
For example, Jula et al. (2000) performed a study to determine the
minimum lateral spacing for safe lane changes. Additionally, Schubert
et al. (2010) evaluated the safety of lane changes by a Bayesian network
technique using vehicle sensors. Xiaorui and Hongxu (2013) proposed a
lane change model integrated with a car-following model. Recent in-
terest on autonomous vehicles has led to research on lane change de-
cision assistance systems (LCDAS). Shiller et al. (2008) attempted to
prevent crashes while a vehicle performs a lane change by providing
warning information. Schmidt et al. (2014) defined various lane change
behaviors collected from actual driving trajectories and developed a
reliable lane change prediction model. Wang and Stamatiadis (2013,
2014) conducted a study to derive surrogate safety measures (SSM) that
could evaluate the safety of lane change events. Most of the studies
discussed above dealt with methods on how to successfully support safe
lane changes and effectiveness evaluations.

It is expected that we provide a valuable opportunity to control the
vehicle speed based on the recognition of the driving situation of the
surrounding vehicles in automated driving environments. To date, we
are not aware of any study that analyzed comprehensive crash risks
resulting from individual vehicle interactions and or the adjustment of
vehicle speeds toward the minimization of crash risks. Therefore, a
novel method needs to be devised to fully facilitate the benefits of au-
tomated driving environments that enable us to identify the position
and speed of surrounding vehicles. This has motivated our study.
Vehicle speed control consists of two stages in automated driving en-
vironments. In the upper level, a decision should be made to select the
acceleration of the vehicle. In the lower level, the throttle and braking
operations of the vehicle are performed. This study focuses on the upper
level, which can be regarded as a strategic development.

The proposed methodology consists of three components. The first is
to identify inter-vehicle crash risks by incorporating the crash

occurrence potential and crash severity based on a fault tree analysis
technique (FTA), which results from vehicle interactions between the
subject and surrounding vehicles. The second is to construct a risk map.
Once the subject vehicle identifies crash risks, the algorithm projects
the integrated risk of the subject vehicle into a space composed of two
dimensions, namely, the relative speed and spacing, where the subject
vehicle can physically exist. Lastly, the proposed algorithm calculates a
target speed to minimize crash risks on the risk map and adjust the
vehicle speed to follow target values obtained at every time step. The
VISSIM microscopic traffic simulator was used to implement the pro-
posed methodology in real-time simulation environments. The applied
programming interface (API) technique was used to code our metho-
dology and to plug it into VISSIM to investigate how it works in terms of
both safety and operational performances.

The remainder of this paper is organized as follows. Section 2 pre-
sents the proposed methodology, including an overall evaluation fra-
mework composed of risk estimation, risk map construction, and target
speed identification. Section 3 presents the analysis results along with a
discussion. Finally, Section 4 presents the summary and conclusions of
this study and possible future research directions based on the identi-
fied limitations of this study.

2. Methodology

2.1. Overall framework

This study attempts to develop a method for vehicle speed control
based on the minimization of the inter-vehicle crash potential in an
automated driving environment. It is assumed that the speeds and po-
sitions of a subject and the surrounding vehicles are available from
vehicle sensors. The proposed methodology continuously estimates
real-time crash potentials resulting from the interactions among the
subject vehicle and surrounding vehicles and identifies a target speed

Fig. 1. Overall framework.
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value leading to the minimum inter-vehicle crash potential at every
time step. The overall procedure for the vehicle speed control consisting
of four steps is presented in Fig. 1. More details on each step are pre-
sented in the following sections.

2.2. Inter-vehicle risk estimation

The first step of the proposed methodology is to collect individual
vehicle trajectory data, including vehicle positions and speeds. The
interacting vehicles to be analyzed differ according to the movement of
the subject vehicle. When the subject vehicle simply performs car-fol-
lowing, kF and kR are regarded as the interaction vehicles. Meanwhile,
when the subject vehicle changes lanes, kLe and kLa should be further
taken into consideration when estimating the risk in addition to kF and
kR. Here, we describe how to estimate the risk and construct the risk
map for the lane change case, which is more complex than the car-
following case. A total of four adjacent vehicles affect the risk of an
accident when a subject vehicle (kS) travels on a two-lane road, as
shown in Fig. 2. The four adjacent vehicles include the front (kF) and
rear (kR) vehicles in the traveling lane and the leading (kLe) and lagging
(kLa) vehicles in the adjacent lane.

The second step is to estimate the real-time crash risks based on a
fault tree analysis (FTA) integrating the real-time risk exposure level
(RREL) and real-time risk severity level (RRSL), as shown in Fig. 3. Four

interaction events with adjacent vehicles (k k k and k, , , )F R Le La are
evaluated in terms of the crash potential based on the RREL and RRSL.
The event failure of the proposed FTA analysis is defined as the failure
of safe vehicle interaction between a subject vehicle and the sur-
rounding vehicles denoted by i( ). The failure of safe vehicle interaction
between the subject vehicle and adjacent vehicles (kF , kR, kLe, and kLa) is
denoted by φ (1), φ (2), φ (3), and φ (4), respectively. As shown in Eq. (1),
the fault of event φ i( ) is calculated based on a combination of failure
factors, including the RREL and RRSL. Then, the integration of φ i( ) is
conducted to estimate the risk level represented by a probabilistic
measure of kSfailing to perform a safe maneuvering (Φ k( )s ) as shown in
Eq. (2).

To derive the RREL, which is a surrogate safety measure to represent
the rear-end crash potential, the time remaining until the stopping
distance index (SDI) becomes zero (TSO) is calculated. The TSO is the
time remaining until the vehicle enters a state where it is impossible to
avoid a dangerous situation ahead. The calculated TSO is applied to the
exponential decay function (EDF) to calculate the probability of the
occurrence of an accident from 0 to 1. To determine the RRSL, the time
to collision with deceleration condition (TTCD), which is defined as the
time remaining between the current time t when the vehicles start
braking and the time when the spacing of two vehicles becomes zero, is
calculated. Then, the TTCD is further used to obtain Delta V, which is
the difference in speed at the moment (V̂ ) when the subject vehicle

Fig. 2. Definitions of the subject vehicle and surrounding vehicles.

Fig. 3. Fault tree structure of failure to perform safe lane change (Park et al., 2018).
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collides with the interacting vehicle. Utilizing the actual observed
Delta V and the theoretically observable maximum velocity difference
(Delta VMAZ

obs ), the RRSL is expressed as a probabilistic measure between
0 and 1. More details on the risk estimation method of deriving the risk
exposure level and the risk severity level are presented in the literature
(Park et al., 2018).

= ×φ i RREL i RRSL i( ) ( ) ( ) (1)

where φ: event failure (failure of safe vehicle interaction)
RREL: real-time risk exposure level
RRSL: real-time risk severity level

∏= − −
=

Φ k φ i( ) 1 [1 ( )]s i 1

4
(2)

where Φ: system failure (probability of failure to perform safe maneu-
vering)

φ: event failure
ks: subject vehicle

2.3. Risk map construction

2.3.1. Concept of risk map
The risk map consists of time-varying contour lines indicating the

risks of the subject vehicle. The risk map can be constructed by pro-
jecting the estimated risk values into a two-dimensional plane com-
posed of the relative speed and spacing. The risk is estimated for the
potentially available plane at the next time step at the current vehicle
position and speed. The origin points of the risk map (0,0) represents
the current speed and position of the subject vehicle. As shown in
Fig. 4(a), the relative position and the relative speed of the surrounding
vehicles that interact with the subject vehicle can be expressed in a risk
map. The vehicles located in front of the subject vehicle (kF and kLe) are
plotted on the right with respect to the y-axis. Conversely, the vehicles
located behind the subject vehicle (kR and kLa) are plotted on the left.
Vehicles faster than the subject vehicle are located above the x-axis, and
slower vehicles are located below the x-axis. The risk increases when
the vehicle spacing becomes shorter and when the speed of the rear
vehicle is faster than the speed of the preceding vehicle.

2.3.2. Determination of the risk estimation area
To establish the risk estimation area of the subject vehicle, the upper

and lower limits for the relative speed and position are determined.
Regarding the boundaries for the relative position, the maximum dis-
tance that can be detected by the vehicle sensor is set as a boundary.
These boundaries are referred to as the forward and backward position
limits, which are FL t( )k

pΔ and BL t( )k
pΔ in this study, respectively.

Regarding the relative speed, the relative maximum and minimum
speeds that can be observed from the current speed of the subject ve-
hicle are selected as boundaries, which are referred to as the upper and
lower speed limits, such as UL t( )k

vΔ and LL t( )k
vΔ , respectively. The four

aforementioned boundaries constitute 4 quadrants in Fig. 4(b). There-
fore, the proposed algorithm searches for the minimum risk point only
within the shaded area.

2.3.3. Search space reduction
Next, the proposed method increases the efficiency of the speed

control algorithm by eliminating logically and physically inaccessible
areas on the risk map; this process is referred to as search space re-
duction in this study. First, the physical constraint is for taking relative
positions into consideration. In this study, the maximum position where
the subject vehicle can move forward or backward is set as the physical
constraint condition of the subject vehicle. The subject vehicle can be
moved between the front and the rear vehicle within the traveling lane.
Additionally, the subject vehicle can be located between the lead and
the lag vehicle on the target lane while changing lanes. Therefore, the
farthest position at which the subject vehicle can move forward, which

is defined as the forward moveable distance boundary (FB t( )k
pΔ ), is

determined as a minimum value among the relative positions of kF and
kLe as shown in Fig. 4(c). Likewise, the farthest position at which the
subject vehicle can move backward, which is defined as the backward
moveable distance boundary (BB t( )k

pΔ ), is determined as a maximum
value among the relative positions of kR and kLa. Second, the logical
constraint is determined for taking relative speeds into consideration. It
is necessary to consider the speed harmonization with surrounding in-
teraction vehicles because the ultimate purpose of the proposed speed
control method is to minimize the crash risk by adjusting vehicle
speeds. From this perspective, the maximum and minimum driving
speeds are set as logical constraints, which are the upper and lower
target speed boundaries denoted as UB t( )k

vΔ and LB t( )k
vΔ , respectively.

When there is no interaction vehicle, the risk is estimated up to the risk
estimation area limited in the previous step above.

2.4. Derivation of the target speed for risk minimization

The risk map developed in this study is a two-dimensional plane
representation of the risk by the position and speed of the subject ve-
hicle, which can be defined by Eq. (3). If all of the relative positions x
and relative speeds y that can be potentially occupied by the subject
vehicle are defined as the elements of a constrain condition C, then the
risk map is composed of all of the risk values. If all of the virtual relative
positions x and relative velocities y that can be changed by the subject
vehicle are defined as the elements of the constraint condition C, all of
the risk values calculated as x and y according to the condition are
expressed as a risk map. Here, the constraint C represents the search
space reduction process for creating a risk map in the previous section
as expressed by Eq. (4). c1 is the performance of the sensor capable of
observing both the front and the rear, and c2 is the observable speed
range of the vehicle. c3 and c4 are the areas considering the speed and
position of the surrounding vehicles that interact with the subject ve-
hicle.

∀ ∈ ⇒x y C Φ Riskmap t( , ) , ( )t
x y

k
( , ) (3)

= ∧ ∧ ∧C x y c c c c{( , ) }1 2 3 4 (4)

where,

≤ ≤c sensor capability backward x sensor capability forward: ( ) ( )1

≤ ≤c km h y km h: 0 / 300 /2

≤ ≤c FL t FB t x BL t BB t: [max ( ( ), ( ))] [min ( ( ), ( ))]k
p

k
p

k
p

k
p

3
Δ Δ Δ Δ

≤ ≤c UL t LB t y UL t LB t: [min ( ( ), ( ))] [max ( ( ), ( ))]k
s

k
s

k
s

k
s

4
Δ Δ Δ Δ

This study established an optimization problem that minimizes the
risk resulting from the interactions among the subject vehicle and
surrounding vehicles in order to derive the target speed at every time
step. The principle of the proposed method is to control the vehicle
speed based on the identification of the relative speed and position that
can minimize the crash risk under the given constraints discussed
previously. This problem is expressed in Eq. (5). First, the relative speed
ỹ , which minimizes the risk of the vehicle k, is obtained from the risk
map. Then, the target speed v t˜ ( )k of the vehicle k at time t can be de-
termined by the current traveling speed v t( )k and the relative speed ỹ as
shown in Eq. (6).

=y Riskmap t˜ argmin ( )
y

k
(5)

where

y the relative speed to minimize the crash risk˜:

= +v t v t y˜ ( ) ( ) ˜k k (6)

where
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v t travel speed of vehicle k at time step t( ):k

v t target speed of vehicle k at time step t˜ ( ):k

The risk map presented in this study is based on the relative speed
and relative distance between the subject vehicle and the surrounding
interactive vehicles. Therefore, the relative distance may be reduced in
case the speed of interacting vehicle approaching from the rear is faster
than that of the subject vehicle. For this reason, we need to consider
minimum risk points in upper-left and lower-right regions.

The proposed speed control algorithm is presented in Fig. 5. First,
the position and speed information of the subject vehicle and the sur-
rounding vehicles are collected, and a risk map is created. If the case is
such that the risk of the subject vehicle estimated at the present time is
equal to or less than the minimum risk value on the risk map, speed
control is not performed. On the other hand, if the speed of the subject
vehicle is greater than the minimum risk value, the vehicle is dyna-
mically controlled at a target speed that minimizes the risk.

The risk of the subject vehicle can be reduced by controlling the

Fig. 4. Risk map construction.
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speed based on a relative speed point corresponding to the minimum
risk value on the risk map. When multiple minimum risk values are
observed in the risk map, as shown in Fig. 4(d), the vehicle speed is
controlled to the point where the change in the relative speed is
minimal. This is because it is preferable to adjust the speed so that the
change of the acceleration of the vehicle is minimized.

3. Simulation analysis

3.1. Simulation environments

To demonstrate the feasibility of this study, a VISSIM microscopic
traffic flow simulation program was used in this study. As shown in
Fig. 6, A two-lane freeway segment near the Gonjiam interchange (IC)
on the Jungbu Expressway in Korea was simulated. The study area was
a freeway mainline segment, and one lane was blocked due to a work
zone. The analysis was carried out considering that the impact of the
work zone reached to 2 km upstream of the work zone. The speed limit
is 110 kph, and the capacity is approximately 2100 passenger cars per
hour per lane (pcphpl). A simulation network was constructed by using
image data taken by a drone. As shown in Fig. 7, a total of 265 vehicle
trajectories (201 passenger cars, 61 trucks, 3 buses) were collected from
the images taken by a drone. Average speed and lane change position
information were then extracted by vehicle type to make sure that si-
mulated vehicles move as closely as possible to the actual field

situation. This effort can be regarded as a simplified simulation cali-
bration although more in-depth investigations should be needed with a
larger dataset. We analyzed five scenarios (A–E) of the highway level of
service (LOS) by applying the methodology presented in this research.
A sixth (F) LOS scenario was not analyzed because dangerous situations
representing a high crash severity were not readily observable due to
low vehicle speeds under congested traffic conditions. The analysis time
for a simulation was set to 15min, and the warm-up period was set to
15min. Relevant previous studies using VISSIM in the literature have
used the average value of simulation results calculated by repeating 10
times or so. (Jeong and Oh, 2017; Park et al., 2018; Lee et al., 2019). In
the same way as in the previous studies, simulations of five scenarios
were repeated 10 times and the average values were computed for the
scenarios. The results of VISSIM analysis did not change significantly
with each iteration.

Fig. 8 shows the overall process for implementing the proposed
vehicle speed control algorithm, which was coded using a Com-inter-
face within the VISSIM simulation environment. After the warm-up
period, we selected the scenarios for analysis and collected all of the
vehicle speed and location data at every time-step. Once a risk map for
a subject vehicle was constructed, vehicle speed control was performed
to minimize the crash risk. When a series of processes was completed, a
new scenario was set up, and the simulation analysis was repeated. If
speed control was performed without considering the performance of
the vehicle, abnormal maneuvering behaviors would be observed. We

Fig. 5. Speed control algorithm.

Fig. 6. A snapshot of the Jungbu Expressway, captured by a drone.
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implemented the speed control in the simulation environment using the
desired speed parameter offered by VISSIM. The use of a desired speed
parameter is the most effective method to implement the proposed
methodology within the simulation because the vehicle speed is
changed at the desired speed considering the performance of the ve-
hicle.

3.2. Results

The risk map of a subject vehicle is constructed at every time step,
and the target speed is derived to minimize the crash risk of the subject

vehicle based on the analysis of the vehicle interactions. Then, the
vehicle speed is controlled toward a target speed by the proposed al-
gorithm shown in Fig. 5.

Fig. 9 illustrates a risk map as an example using all of the relative
speeds and relative positions within the constraint conditions of a
subject vehicle using the simulation data. This vehicle is located at the
coordinates (0, 0), and the interaction vehicles, namely, the front, rear,
lead, and lag vehicles, are located at (87.85, -10.72), (-50.03, -0.81),
(50.66, 4.28), and (38.64, 9.37), respectively. The risk minimum point
(RMP) was derived from the coordinates (-35.75, 7.82). Therefore, the
target speed at this time step was determined to be 113.54 kph, which is

Fig. 7. Lane change patterns and average speeds collected by a drone.

Fig. 8. Implementation of proposed methodology with VISSM.
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5 kph added to the current speed of 105.72 kph.
The changes in the vehicle trajectory and risk profile when the

speed control process is both performed and not performed during the
simulation are compared in Fig. 10. Fig. 10(a) shows a result of the
speed control, and Fig. 10(b) shows a case resulting from the speed
control of the subject vehicle. A section of construction is installed at
1640m on the simulation road network. The subject vehicle traveling
in the right lane changes lanes from the right to the left at the front of
the construction zone. In the case where speed control is not performed,
the subject vehicle attempted to change lanes in front of the

construction area ahead in Section A. However, the risk increased, and
the vehicle could not change lanes due to the rapidly approaching lag
vehicle. Although the subject vehicle slowed down to change lanes, the
risk increased because the spacing between the subject vehicle and the
lag vehicle and the spacing between the subject vehicle and the con-
struction zone were both getting smaller in Section B. Thereafter, the
subject vehicle changed the lane after the lag vehicle had passed. The
risk in Section C then decreased after completing the lane change.
Meanwhile, the proposed speed control algorithm made the subject
vehicle speed up based on the identification of a target speed higher

Fig. 9. Example of the risk map and target speed.

Fig. 10. Example of risk and speed profiles.
(a) Without speed control (b) With speed control.
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than the current speed. Therefore, the subject vehicle gradually ac-
celerated. As a result, the risk was lower than when no speed control
was applied. This result implied that the driving safety was improved
from the viewpoint of speed harmonization, because the magnitude of
the speed change was not large. Finally, the subject vehicle changed the
route to the front of the lag vehicle for the lane change in the speed
control case, while the subject vehicle without speed control performed
a lane change to the rear of the lag vehicle.

Two examples of the movements of individual cars and the changes
in the risk by speed control were examined above. Next, a collective
analysis was conducted to investigate the overall effectiveness of speed
control. The average risk values and the rates of change in the risks
during different levels of the traffic volume and market penetration rate
(MPR) of controlled vehicles were presented in Fig. 11. As the traffic
volume increases, the average risk of individual vehicles tends to in-
crease. Meanwhile, the average risk of individual vehicles decreases as
the MPR of controlled vehicles increases. Compared with the case of 0%
MPR, which represents the absence of speed control, the reduction in
the average risk was considerably large under LOS A conditions. For
example, if 40% of vehicles are controlled by the proposed method
under LOS A, it is expected to reduce the crash potential by approxi-
mately 26%. In addition, the average risk decreased as the MPR in-
creased. For example, an approximate reduction rate of 50% of the
crash potential was achievable when the MPR reached 100% under LOS
C conditions, compared with the case of 0% MPR. Therefore, the pro-
posed speed control method is effective for the enhancement of traffic
safety by reducing crash potentials.

Another important issue in traffic safety analysis is the need to as-
sess the operational performance of traffic streams, because counter-
measures to enhance the safety would reduce the operational efficiency
that can be represented by the travel speed. To investigate the effect of
the proposed speed control method on changes in the travel speed, the
average travel speed and the rates of change in the speeds were ana-
lyzed, as shown in Fig. 12. A risk analysis of the case was also com-
pleted. As the traffic volume increased, the average speed tended to
decrease. The average speed tended to decrease slightly as the MPR
gradually increased. However, the operational performance was im-
proved at higher MPR levels under relatively heavy traffic conditions
such as LOS C, D and E. As a result, it can be said that the substantial
benefits of the safety enhancement are obtained without a significant
loss of the operational performance.

4. Conclusions

Recent advances in advanced vehicular technologies with regard to

automated driving environments have facilitated the development of
various sophisticated strategies and methodologies for controlling ve-
hicles to prevent crashes on the road. This study developed a novel
methodology for vehicle speed control while integrating the previously
developed risk estimation method to minimize inter-vehicle risks. A
valuable feature of the proposed method is the construction of a two-
dimensional risk map based on the analysis of interactions between a
subject vehicle and surrounding vehicles. Then, the vehicle speed is
continuously controlled to reach the target speed, which is obtained
through risk map analysis, in order to prevent a crash.

The feasibility of the proposed control method was demonstrated by
microscopic simulation experiments. The speed control algorithm de-
veloped in this study was coded using a Com-interface plugged into the
VISSIM simulation environment. Various LOS conditions and MPR le-
vels, which were expected to affect the effectiveness of the algorithm,
were taken into consideration while conducting the simulation ana-
lyses. Promising test results showed that meaningful safety benefits
were achievable without a reduction in the operational performance. It
is expected that the outcome of this study would effectively support the
development of vehicle control systems for preventing crashes in au-
tomated driving environments.

Promising further applications of the proposed methodology are as
follows. First, safer lateral maneuvering of autonomous vehicles can be
supported by the proposed method that attempts to achieve the speed
harmonization with adjacent vehicles. Second, in-vehicle warning in-
formation, which leads to effective avoidance maneuver, can be de-
livered to drivers in a hazardous situation where the crash potential is
observed above a certain threshold. It can be said that the first appli-
cation is for the autonomous vehicle, while the second is for the
manually driven vehicle. Third, the outcome of this study would be
valuable in evaluating the effectiveness of various ADAS technologies in
terms of obtainable safety benefits because the method developed in the
study is able to quantify the comprehensive crash potential. Lastly, in
addition to the vehicle safety, the traffic stream safety can be measured
by proper spatio-temporal aggregations of the crash potential of in-
dividual vehicles.

Although useful insights were derived from this study, further re-
search needs to be conducted to achieve results with greater reliability.
First, there is an opportunity to improve the risk estimation method.
Various contributing factors affecting inter-vehicle risks need to be
considered when estimating the risk, including adverse weather and
road geometric conditions in addition to the vehicle performance.
Second, more effective and intelligent techniques for obtaining the
target speed should be studied. For example, machine learning tech-
niques that have received much attention recently should be applied

Fig. 11. Risk patterns according to different LOS and MPR levels.
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and investigated to improve the performance. One feasible alternative
is the design of an artificial intelligence controller based on reinforce-
ment learning, which the authors have been working on as a further
study. Third, there should be an attempt to obtain the target speed to
address multiple other objectives, including the operational efficiency
and the environmental impacts, rather than just focusing on the safety.
This is because these three objectives are fundamentally determined by
individual vehicle maneuverings. Finally, more systematic simulation
calibration and validation need to be conducted with a larger vehicle
trajectory dataset. Various traffic conditions and vehicle types should
also be taken into consideration in comparing the actual data and the
simulated data.
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