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Vehicle platooning service through wireless communication and automated driving technology has become a reality. Vehicle
platooningmeans that several vehicles travel like a train on the road with aminimum safety distance, which leads to the enhancement
of safety, mobility, and energy savings.(is study proposed a framework for exploring trafficmobility and safety performance due to
the market penetration rate (MPR) of truck platoons based on microscopic traffic simulations. A platoon formation algorithm was
developed and run on the VISSIM platform to simulate automated truck maneuvering. As a result of the mobility analysis, it was
found that the difference in network mobility performance was not significant up to MPR 80%. Regarding the mobility performance
of the truck-designated lane, it was found that the average speed was lower than in other lanes. In the truck-designated lane of the on-
ramp section, the average speed was identified to be approximately 33% lower. From the viewpoint of network safety, increasing the
MPR of the truck platoon has a positive effect on longitudinal safety but has a negative effect on lateral safety.(e safety analysis of the
truck-designated lane indicated that the speed difference by lane of MPR 100% is 2.5 times higher than that of MPR 0%.(is study is
meaningful in that it explores traffic flow performance on mobility and safety in the process of platoon formation. (e outcomes of
this study are expected to be utilized as fundamentals to support the novel traffic operation strategy in platooning environments.

1. Introduction

(e development of automated vehicles technology is ex-
pected to transform the roads now used as movement spaces
into productive spaces, which will lead to unprecedented
changes in human life. One of the services using automated
vehicles is vehicle platooning, which means that several
vehicles travel together at a minimum safety distance
through V2X (vehicle-to-everything) communication
technology. Platooning services will be applied primarily to
trucks because of their characteristics. In the case of trucks,
accidents caused by human factors such as drowsiness are
frequent and are likely to be large. (e typical expected
effects of platooning include enhanced safety, fuel saving,
and environmental improvement, along with an economic
effect. In terms of safety, autonomous driving and V2X
technology allow vehicles in the platoon to avoid traffic

accidents by quickly responding to unexpected situations
[1–4]. In addition, since several vehicles travel at short in-
tervals, the air resistance is reduced, and fuel is saved,
thereby enhancing the competitiveness of the truck [5–7].
Finally, it is expected that the platooning can shorten the
travel time by increasing the road capacity, and the trucks
are expected to contribute to the reduction in the labor force
by reducing the workload of the truck driver through the
platooning because trucks are characterized by frequent
overnight or long-distance operations [8–11].

(e technology for automated vehicles and wireless
communications, infrastructure, the legal system, and traffic
operations and management plans should be developed before
platooning can be commercialized. According to the EU truck
platooning roadmap, the trucks, except for the leader in the
platoon, are expected to reach the SAE level 4, which means
they are capable of autonomous driving without a driver by
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2025 [12]. In addition, the V2X communication required to
realize such technology is rapidly advancing, and 5th gener-
ation communication technology (5G) is being commercial-
ized. (is developing technology will provide information to
the automated vehicle to enable a prompt response when an
unexpected situation occurs. It will be possible to provide real-
time information using big data through the cooperative in-
telligent transport systems (C-ITS) infrastructure [13]. For
truck platooning, legal standards and operational strategies
related to automated vehicles should be established. Although
some studies have been conducted on automated vehicle-only
lanes [14], the automated vehicle must be mainstream to
validate the operation of an automated vehicle-designated lane.
However, early in its introduction, the truck platoon will be
driven on existing truck restricted lanes. (erefore, it is nec-
essary to prepare for situations in which there is no platoon-
only lane. In addition, platooning can have a negative effect on
the surrounding general vehicles, and the performance of the
entire traffic flow can be lowered by the interactions between
the vehicle platoons and the general vehicles. In the platooning
environment, the possibility of a general vehicle lane change
failure increases, and the driver’s psychological anxiety can be
increased in the process of switching control from manual
driving to automated driving [11, 15]. In preparation for such
mixed traffic conditions, it is necessary to develop an effective
trafficmanagement strategy to optimize the performance of the
road traffic system by understanding the interactions between
the vehicle platoons and general vehicles.

(ere have been many studies using driving simulation
and microtraffic simulation to evaluate the effects of au-
tomated vehicles and platooning in previous studies
[16–18]. Existing research on platooning focuses on the
safety analysis of the platoon and the effect of a platoon
dedicated lane [14, 19]. However, under the present legal
system, trucks are allowed to run on designated lanes, and
there have been no studies on the new operational strategy
view of the situation in which there is no platoon dedicated
lane. (e mobility performance and merging characteris-
tics were evaluated in the previous studies for identifying
the effectiveness of truck platooning [20, 21]. However, it is
necessary to evaluate the traffic safety of mixed traffic flow
by identifying the interactions between truck platoons and
general vehicles. (erefore, it is necessary to develop a
management strategy for the platooning to improve the
mobility and safety of the traffic flow in terms of traffic
management. (e purpose of this study is to present the
platoon formation algorithm and apply it to a simulation to
identify the effect of the truck platoon on the freeway on-
ramp area according to the market penetration rate (MPR)
of the truck platoon. (e proposed algorithm consists of
three components: the truck sequencing in the platoon, the
determination of platoon completion, and a speed control
algorithm. To discover the effect of the truck platoon on
traffic flow, we implemented a truck platoon in the COM
interface environment of VISSIM, a microtraffic simulation
program. (e platoon MPR of trucks was used as an
analysis scenario component. (e effects of truck pla-
tooning on the on-ramp were identified in terms of traffic
mobility and safety according to the MPR.

(e remainder of this paper is organized as follows.
Section 2 presents the proposed simulation methodology
including an overall analysis framework incorporating the
proposed platoon formation algorithm. Section 3 presents
the analysis results and discussions for traffic mobility and
safety. Finally, Section 4 presents the conclusion with a
summary of this study and future research directions based
on the limitations identified while conducting this study.

2. Methodology

2.1. Overall Framework. An overall framework consisting of
three steps is presented in Figure 1. Step 1 includes the
proposed platoon formation algorithm developed in this
study. Step 2 is the simulation experiments and consists of
the section for setting scenarios and networks and the
section for conducting simulations using VISSIM. In this
study, the rate of platooning among trucks is defined as the
MPR, and the MPR is a scenario component. (e COM
interface collects the trajectory data of each individual ve-
hicle at each time step and controls the speed of the indi-
vidual trucks in the platoon according to the platoon
formation algorithm. Step 3 identifies themobility and safety
performance from the aspect of the overall performance of
the network and the performance on the truck platoon
designation lane using individual vehicle trajectory data
derived from the simulation.

2.2. Development of the Platoon Formation Algorithm.
(ree important parameters including platoon size, intra-
platoon spacing, and interplatoon spacing need to be de-
termined for the truck platooning. (e platoon size
represents the number of trucks in the platoon, and the
interplatoon spacing is the spacing between the trucks in the
platoon. On the other hand, the intraplatoon spacing means
the spacing between platoons.(ese parameters can support
decision making for establishing platoon operation strate-
gies in different traffic conditions.(e platooning algorithms
in previous studies attempted to maintain platoons based on
intelligent driver models (IDM) [14, 17]. Unlike existing
studies, the proposed platoon formation algorithm in this
study is an algorithm that is designed to form platoons based
on the aforementioned platoon formation parameters for the
purpose of analyzing the interaction between the platoons
and the general vehicles more effectively. In addition, a nice
feature of the proposed algorithm is the implementation of
the operating situation of autonomous emergency braking
systems (AEBS) by changes in acceleration patterns.

(e platoon formation algorithm is shown in Figure 2,
and the parameters associated with the platoon formation
algorithm are defined in Table 1. (e proposed algorithm
consists of three components, which are the truck se-
quencing in the platoon (Part 1), the determination of
platoon completion (Part 2), and the speed control algo-
rithm (Part 3). In Part 1 and Part 3, the algorithm proceeds
on an individual vehicle basis in the platoon, and in Part 2,
the algorithm proceeds on a platoon basis. (e truck se-
quencing algorithm determines the order of the subject
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vehicles in the platoon and assigns the sequence number of
each truck, as shown in Part 1. Here, a vehicle designated as
the platoon leader (LeadPL) does not give up the role of the
platoon leader unless an exceptional case occurs, which
means that a truck capable of forming the platoon enters in
front of the leader (LeadPL) when the platoon size does not
exceed a predefined maximum threshold (MaxPL). (e se-
quence number (OrdPL) of the new platoon leader is des-
ignated as 1, and the sequence number of the following
platoon members is set to the next sequence number from
the truck in the front. (e completion of the platoon defined
in this study is a case where the platoon size reaches a
predefined maximum value (MaxPL). It is assumed that a
new truck cannot enter the completed platoon. (e platoon
size that is currently being formed before reaching the
maximum platoon size is indicated by PLCon in Part 1. It is
expected that a traffic operations agency can implement a
traffic management strategy that controls the platoon for-
mation parameters while monitoring the driving conditions
of the platoon using the sequencing information.

(e second algorithm illustrated in Part 2 is to determine
whether the platoon formation is completed or not. In the
case of the incomplete platoon, it provides information on
the platoon size being formed by all trucks in the platoon
(PLCon). On the other hand, if the platoon is completed, all
trucks in the platoon share the information that the platoon
has been completed (PLCom). (e information obtained
from the proposed determination algorithm for platoon

completion is used in the truck sequencing algorithm in the
next simulation time step.

(e last component is a speed control algorithm, as
shown in Part 3, which manages the desired speed and
spacing of the trucks in the platoon. First, the algorithm
identifies the sequence number of the subject truck and
checks the required speed and spacing accordingly. For
example, if there is no preceding vehicle, the subject vehicle
travels at the platoon-keeping speed (VPL), and the leader
and platoon members in which the preceding vehicle exists
attempt to travel while maintaining the interplatoon spacing
and the intraplatoon spacing. Under these circumstances,
the acceleration of the subject vehicle is adjusted to achieve
the desired speed and spacing. (en, the vehicle maneu-
vering is determined by two driving modes including the
comfort driving mode and the emergency braking mode
based on the time to collision (TTC). (e acceleration rates
in this application adopted values proposed in the literature
[16, 22]. (e acceleration at which AEBS operated in this
study is derived from equations (1)–(3) based on the
threshold recommended by the literature [22]. In the
comfort mode, where the inverse TTC is less than 0.68
seconds, equation (1) is applied when the acceleration is
required. On the other hand, when deceleration is required,
the acceleration is determined by equation (2). When the
inverse TTC is 0.68 seconds or longer, the AEBS is activated
in this study because it is expected that a dangerous situation
to require rapid deceleration would occur. Equation (3)
presents an acceleration to be used for activating the AEBS,
which is −6(m/s2). (e speed at the next time step according
to the acceleration derived from equations (1)–(3) is ob-
tained by equation (4). Additionally, a newly estimated
speed does not exceed the speed limit and the minimum
speed. To achieve the desired speed and spacing, the ob-
tained speed is used as the speed of the next simulation time
step. (e VISSIM COM interface is used for updating the
speed at every second.

Comfort mode to require acceleration:

Acc m/s2  �

1.5, if V≤ 40 (km/h),

−
1
60

V +
10
3

, if 40(km/h)<V≤ 70(km/h),

1, if V> 70(km/h).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

Comfort mode to require deceleration:
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1
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(2)

AEBS mode to require rapid deceleration:

Step 1. Algorithm development

Development of platoon formation algorithm
Algorithm 1. Truck sequencing
Algorithm 2. Determination of paltoon completion
Algorithm 3. Truck speed control

Step 2. Simulation experiment

Design of simulation scenarios
Network : Freeway on-ramp area
Scenario components : MPR among truck

Section A Section B Section C
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Create vehicle travel
information at time i

Determine desired
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Analysis of mobility and safety performance
Overall performance at network
Performance on the rightmost lane

Figure 1: Overall framework.
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Part 1. Truck sequencing algorithm
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Figure 2: Proposed platoon formation algorithm.
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Acc m/s2  � −6, (3)

V
i+1

� V
i
+ Acci+1

× time step × 3.6 . (4)

2.3. Analysis Environments. (e simulation experiments
were conducted to evaluate the impacts of freeway truck
platooning on traffic mobility and safety by applying the
proposed platoon formation algorithm through the VISSIM
software. (e range of spatial analysis was selected as the
freeway on-ramp section. From the perspective of freeway
traffic safety, the on-ramp area is of keen interest because
frequent merging situations based on the interaction be-
tween platoons and general entering vehicles lead to a high
crash potential. (e other consideration is that, according to
the Korean Road Traffic Act, the trucks must travel in the
rightmost lane on a three-lane freeway segment, which is the
designated lane for trucks in Korea. Existing studies eval-
uated the effectiveness when the leftmost lane was used for
the high-occupancy lane (HOV) or dedicated lane [21, 23].
On the other hand, this study conducted simulation ex-
periments based on the current Korean traffic regulation that
trucks should travel in the designated rightmost lane on
freeways. (us, the analysis network is set up as a 3-lane
15.4 km virtual freeway with an on-ramp, and the network
structure is shown in Figure 1. (en, the truck platooning
was restricted to only the rightmost lane. (e section from
the network starting point up to 10 km is section A, with no
change in geometry. Section B is a 0.4 km on-ramp located
next to section A. Finally, section C is the 5 km main line
after the on-ramp.

(e demand volume of the mainline freeway is
3,500 veh/h, which corresponds to traffic conditions
representing a level of service (LOS) C based on the
Korean Highway Capacity Manual [24]. (is is because
the design level of service of the freeway is the C-D level.
In addition, the Korean Policy for Road Geometry De-
signs was used to determine the geometric conditions to
install a one-lane on-ramp in the simulation network [25].

It is assumed that all the entering vehicles are passenger
cars on a one-lane on-ramp with an initial speed of 60 km/
h. An on-ramp traffic volume of 500 veh/h was used in this
application. (e proportions of the vehicle types were
determined by the actual observations from the Gyeongbu
freeway. (e proportions of passenger cars, trucks, and
buses are 79%, 17%, and 4%, respectively. (e speed limit
of trucks is 90 km/h, and the minimum speed is 50 km/h.
(e platoon-keeping speed is 80 km/h based on the as-
sumption that the autonomous truck capable of forming
platoons must follow the traffic regulation. (is is because
the trucks cannot accelerate when the platoon speed is
equal to the speed limit.

Traffic mobility and safety analysis were conducted
with an interplatoon spacing of 5m, an intraplatoon
spacing of 50m, and platoon sizes of 2, 4, 6, 8, and 10,
which were determined based on existing studies dealing
with field and simulation implementation [26–28]. To
evaluate the impact of an increased number of trucks
capable of platooning, the MPR was increased from 0% to
100% at 20% intervals. As a result, a total of 6 scenarios
were determined by considering MPRs. To increase the
reliability of the simulation results, different random
seeds were applied, and 5 simulation runs were conducted
for each scenario. (en, the average of the results of the
five runs was presented. (e simulation analysis time was
2,000-sec, and a warm-up time period of 600-sec was
provided to ensure an even distribution of the vehicles
across the network.

2.4. Simulation Calibrations. (e simulation calibration
was conducted to make simulation experiments more
realistic based on the comparison of actual traffic data and
simulation data. Traffic speed data collected from the
vehicle detection systems installed on the Shingal
JC–Kiheung IC on the Gyeongbu freeway were used for
the calibration in this study. (is section of the freeway
has been equipped with connected vehicle systems in-
frastructure for a truck platooning pilot study. “U-sta-
tistic” presented in equation (5) was used to determine the
acceptability of simulation results. In general, u-statistic
close to 0 represents that actual and simulated data are
similar. In case the u-statistic is less than 0.1, calibration
results can be accepted [29]. (e result of deriving the
average of U-statistic obtained by repeating simulations 5
times is presented in Table 2. It can be said that the
calibration result is acceptable because U-statistics less
than 0.1 are achieved.

U �

�������������


N
i�1 Vi − Vi 

2


������


N
i�1 V

2
i



+

������


N
i�1

V
2
i

 , (5)

where Vi is the actual speed (km/h) and Vi is the simulation
speed (km/h).

In addition to the simulation calibration aforemen-
tioned, this study adjusted the Wiedemann 99 model
parameters of VISSIM using the recommended values
presented in the literature [30] to simulate the

Table 1: Definition of terms used in platoon formation algorithms.

Category Notation Description

Platoon

PLCom Completed platoon

PLCon
(e size of the platoon being formed

(continued)
MaxPL Maximum platoon size
OrdPL Vehicle order
LeadPL Platoon leader/Leading truck

VPL Platoon-keeping speed
SIntra Intraplatoon spacing
SInter Interplatoon spacing

Vehicle
Vveh Vehicle speed
Sveh Vehicle spacing

Accveh Acceleration/Deceleration

Superscript
Sub Subject vehicle
Pre Preceding vehicle
i Time step
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longitudinal and lateral behavior of the truck platoon.
Adjusted parameters are presented in Table 3. Parameter
values corresponding to the autonomous driving level 4
defined by the American Society of Automotive Engineers
(SAE) were adopted. In our simulation experiment, a
truck platoon travels based on the proposed platoon
formation algorithm. On the other hand, parameters
presented in Table 3 are adopted for simulating the ma-
neuvering of individual autonomous trucks to which the
platooning algorithm is not applied.

3. Analysis

3.1. Mobility Performance

3.1.1. Overall Mobility Performance of the Network. (e
mobility analysis of the network was conducted based on
time and space using the average speed indicator. (e
simulation network for analyzing spatiotemporal patterns of
mobility consists of section B with on-ramp, 2 km of section
A, and 1 km of section C, which are upstream and down-
stream sections around section B, respectively. For the

3.4 km analysis space, we constructed 34 space cells in a
100m unit and 40 time cells in 50 sec for a 2,000-sec analysis
time. A total of 1,360 time-space cells were used for the
spatiotemporal analysis. (e average speed (V) of each cell
was quantified and classified according to the categorization
of congestion levels (k) on Korean freeways such as con-
gestion-free, light congestion, and heavy congestion as
presented in equation (6). If the average speed of a cell is
more than 80 km/h, it is classified as congestion-free. Light
congestion is classified as 40 km/h–80 km/h and heavy
congestion is less than 40 km/h. After counting the number
of classified congestion levels, the number of time-space cells
by congestion level against the total number of cells was
quantified and presented as in equation (7). Table 4 shows
the results of analyzing the rate of congestion (ROC) by
congestion level according to MPR. As a result, heavy
congestion did not occur in all MPRs, and the mobility
performance difference between the MPR 0–80% was in-
significant. However, the scenario in which light congestion
cells occupy the largest percentage is MPR 100%, and the
ROC in this scenario is identified as 13%. For the MPR 100%
scenarios with the lowest mobility performance, the results
of the average speed according to spatiotemporal analysis
were additionally presented. As a result of the analysis, it was
found that the speed decreases slightly in section B, which
affects the speed of the upstream section A as time goes by.
(e reason for the decrease in mobility performance is that
the vehicles entering from the on-ramp change their path
into or between platoons for the lane change. In particular, it
is believed that the performance is poor at 100% MPR
because trucks travel at a lower platoon-keeping speed
compared to the speed of general vehicles.

Categorization of congestion level �

Congestion − free(k � 1), 80(km/h)≤V,

Light congestion(k � 2), 40(km/h)≤V< 80(km/h),

Heavy congestion(k � 3), V< 40(km/h),

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(6)

ROCk �
number of cells for congestion level k

total number of cells in time − space diagram
∗ 100(%), (7)

where k is the level of congestion, V is the average speed,
ROC is the rate of congestion, and m is the count.

3.1.2. Mobility Performance in the Rightmost Lane. (e
general vehicles entering from an on-ramp need to make a
compulsory lane change to enter the main line. Traffic op-
eration management in the on-ramp is necessary so that
general vehicles can change lanes more safely. In the analysis
network, the rightmost lane is the truck-designated lane, and
the analysis of mobility performance is performed for the
rightmost lane.(e average speed results for the lanes selected
as mobility indicators are presented in Figure 3. As a result of

the analysis, the average speed of all lanes in section B is lower
than that in sections A and C. Furthermore, the average speed
of the rightmost lane in A and C sections is approximately
10% lower than that of the other lanes, while it is approxi-
mately 33% lower in B section. Because trucks drive at lower
speeds than passenger cars, the average speed of the rightmost
lane is seen as low. In section B especially, the speed of the
rightmost lane seems to be lower because of the situations in
which the truck that is driving in themain line decelerates due
to the entering vehicle. (erefore, it is necessary to establish a
strategy to improve the mobility of the truck-designated lane
in the on-ramp through the speed control of the truck
platoon.

Table 2: Comparison of U-values between field and simulation
data.

Iterations
Average

1 2 3 4 5
Detector 1 0.019 0.018 0.019 0.019 0.018 0.019
Detector 2 0.064 0.063 0.064 0.064 0.063 0.064
Detector 3 0.026 0.024 0.025 0.026 0.025 0.025
Detector 4 0.066 0.064 0.066 0.066 0.066 0.066
Detector 5 0.057 0.055 0.058 0.058 0.057 0.057
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3.2. Safety Performance

3.2.1. Overall Safety Performance of the Network. (is study
suggests the characteristics of longitudinal and lateral conflicts
by time and space according to the MPR. First, rear-end
conflicts were selected as a longitudinal safety indicator. (e
rear-end conflicts can be identified using the safety distance
(FD) and the follow distance (SD) derived from the simulation.
(e situation in which the SD is greater than the FD is defined
as a conflict and represents a shorter distance than the min-
imum safe distance between a lead and the following vehicle
[31]. A method of determining a conflict based on the analysis
of SD and FD is expressed in equation (8). (e number of
conflicts (C) is quantified in the same time-space interval (t, s)
as the mobility analysis. Equation (9) represents the number of
conflicts for all vehicles (N) in a cell. A risk-free condition is
defined for the numerical comparison of safety according to the
MPR, and the risk-free condition means a situation in which
there is no conflict. In this study, the case in which the number

of conflicts in a single cell is 0 was defined as a risk-free cell
(RFC), which is presented in equation (10). (e ratio of RFCs
to a total number of cells is defined as the rate of risk-free
conditions (RORF). Figure 4(a) shows the RORF for eachMPR
derived using equation (11).

conflict determination �
conflict, SD> FD,

not conflict, SD≤ FD,

⎧⎪⎨

⎪⎩
(8)

C(t,s) � 
N

j�1
m SDj > FDj , (9)

RFC � 
T

t�1


S

s�1
m C(t,s) � 0 , (10)

RORF �
RFC

total number of cells
∗ 100(%), (11)
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Table 3: Platooning implementation parameters [30].

Division Code VISSIM default Automated vehicle (SAE level 4)

Spacing
Standstill distance (CC0) 1.50m 0.5m
Headway time (CC1) 0.90 s 0.6 s

Following variation (CC2) 4.00m 0 m

Speed
(reshold for entering following (CC3) −8.00 s 0 s
Negative following threshold (CC4) 0.41 km/h 0 km/h
Positive following threshold (CC5) 0.41 km/h 0 km/h

Acceleration
Speed dependency of oscillation (CC6) 11.44 0

Oscillation acceleration (CC7) 0.25m/s2 0.4m/s2

Standstill acceleration (CC8) 3.50m/s2 3.8m/s2

Lane change Min. headway 0.5m 0.2m
Safety distance reduction factor 0.6 0.3

Priority rule Min. time gap 3 s 2.4 s
Min. headway 5m 3.5m

Others
Acceleration with 80 km/h (CC9) 1.50m/s2 1.8m/s2

Look-ahead distance observed vehicles 2 vehicles 10 vehicles
Smooth closeup behavior No Yes
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where SD is the safety distance, FD is the follow distance,C is
the number of conflicts, m is the count, t is the time cell, s is
the space cell, j is the number of vehicles, N is the total
number of vehicles, T is the number of time cells, S is the
number of space cells, RFC is the risk-free cells, and RORF is
the rate of risk-free conditions.

(e results of the RORF analysis indicated that safety
increases with increasing MPR. In particular, the RORF of
MPR 100% was 51%, and it was observed that no rear-end
conflicts occurred in more than half of the cells. (e spa-
tiotemporal analysis was performed for MPR 0% with the
lowest RORF and MPR 100% with the highest RORF. (e
results of the spatiotemporal diagram analysis of the number
of conflicts are shown in Figure 4(b). In both scenarios, it
was found that the rear-end conflicts frequency was high at
the on-ramp. At the MPR 0%, which is the lowest safety
scenario, the number of rear-end conflicts in the B section
was estimated to be approximately 1.42 times higher than
that in the A and C sections. In the case of MPR 100%, which
showed the highest safety, it was found that the average
number of rear-end conflicts in all sections was approxi-
mately 5 conflicts lower. It has been identified that the in-
crease in truck platoon positively affects the increase in
longitudinal safety of all sections.

(e lane change conflict was defined and used as an
indicator of lateral safety. In this study, we used information
such as the speed and coordinates of individual vehicles
derived from simulations to identify the lane change conflict.
According to the SSAM report, conflict is classified as a lane
change conflict when the starting point and ending point of
the conflict occur in different lanes and the collision angle
between the two vehicles is −30° to −85° or 30° to 85° [32].

(erefore, the TTC was calculated according to equation
(12) for vehicles in the lane change conflict range. (e
conflict threshold using the TTC proposed in the previous
study is 1.5 seconds, and the method of determining the
conflict in equation (13) is described [33]. (e formula for
calculating the number of conflicts by car is shown in
equation (14) and the RORF is calculated in the same way as
the number of rear-end conflicts.

TTC �

������

x
2

+ y
2



Vs − Vt

, ∀Vs >Vt,
(12)

Conflict determination �
Conflict, TTC < 1.5 s,
Not conflict, TTC≥ 1.5 s,



(13)

C(t,s) � 
N

j�1
m TTCj < 1.5 , (14)

where TTC is the time to collision, x is the difference in x
coordinate of two vehicles, y is the difference in y coordinate
of two vehicles, Vs is the subject vehicle speed, Vt is the
target vehicle speed, C is the number of conflicts, m is the
count, t is the time cell, s is the space cell, j is the number of
vehicles, and N is the total number of vehicles.

(e results of the RORF analysis on the lane change
conflict are presented in Figure 5(a) to compare the dif-
ference in the lateral conflicts according to the MPR. As a
result of the analysis, it was identified that the lateral safety
decreases as the MPR increases, contrary to the longitudinal
safety. (e RORF of MPR 100% was 29%, which was 56%

Table 4: Rate of congestion level by MPR.

Freeway congestion level MPR
0% 20% 40% 60% 80% 100%

Congestion-free Above 80 km/h 97% 96% 96% 95% 96% 87%
Light congestion 40 km/h-80 km/h 3% 4% 4% 5% 4% 13%
Heavy congestion Under 40 km/h 0% 0% 0% 0% 0% 0%

Spatiotemporal diagram of speed (MPR 100%)
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lower than that of MPR 0%. Figure 5(b) shows a comparison
of lane change conflicts betweenMPR 0% andMPR 100%. In
both scenarios, it was found that the number of lane change
conflicts in B section is approximately three times as many as
in the A and C sections. (e result of the network safety
analysis shows that it is necessary to manage traffic to im-
prove lateral safety rather than longitudinal safety. In ad-
dition, a platoon operation strategy should be established to
reduce the conflict between the entering vehicle and the
platoon in the on-ramp.

3.2.2. Safety Performance on the Rightmost Lane. (e safety
analyses on the rightmost lane were conducted to
evaluate the safety of the truck-designated lane. (e
speed difference between lanes was used as a surrogate
safety measure of the truck-designated lane in the pre-
vious study [34]. (e speed difference between lanes is
obtained by equation (15). An analysis of variance
(ANOVA) was performed to clearly identify the speed
difference between lanes according to the MPR. (e
analysis results of the ANOVA are presented in Table 3.
To identify the difference in speeds between lanes by
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Figure 4: Analysis results of rear-end conflict. (a) Rate of risk-free conditions by MPR and (b) spatiotemporal diagram of conflicts by MPR
0%, 100%.
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MPRs, the ANOVA test was performed, and the analysis
results are presented in Table 5. (e speed difference
between lanes according to the MPR was statistically

significant at a 95% confidence level. In addition, the post
hoc analysis was conducted to confirm the significance of
the differences between the MPRs. In the MPR 20% to
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Figure 5: Analysis results of lane change conflict, (a) Rate of risk-free conditions by MPR and (b) spatiotemporal diagram of conflicts by
MPR 0%, 100%.
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80% scenarios, there was no significant difference in
speed difference between lanes. In MPR 100%, the speed
difference between lanes was verified to be approximately
25 km/h. (is is approximately 2.5 times higher than the
MPR 0% speed difference between lanes. (e increase in
the speed difference between lanes can reduce the

stability of the traffic flow and the lane change safety of
the entering vehicle in the on-ramp. In the absence of a
platoon-only lane, an increase in truck platoons would
reduce the mobility and safety of the platoon-designated
lane.

speed difference between lanes �
Vleftmost lane + Vmiddle lane( 

2
− Vrightmost lane, (15)

where V is the average speed by lane.

4. Conclusion

Recent advances in automated vehicle technology are expected
to transform roads into productive spaces and lead to ex-
ceptional changes in the world. Specifically, platooning, one of
the automated driving services is expected to improve traffic
mobility and traffic safety. Platooning technology is advancing
with the growth of the automated vehicle market and the
commercialization of 5G and C-ITS infrastructures. According
to the EU truck platoon roadmap, it is expected that multi-
brand platooning technology will be possible by 2025. To
maximize the effect of platooning, it is necessary to establish a
platoon operation strategy in terms of transportation man-
agement. In particular, a general vehicle entering an on-ramp
must change lanes for merging into the main line. In this
situation, a platoon operation strategy should be established so
that the general vehicle can change lanes safely. In this study, it
is necessary to identify the impact of traffic platooning on the
traffic flow when a platoon-only lane is not operational before
considering the platoon operation strategy.

(e purpose of this study is to identify traffic mobility and
safety according to truck platooning on the freeway on-ramp.
(e platoon formation algorithm was developed to implement
the platoon, and the algorithm consisted of the truck se-
quencing in the platoon, the determination of platoon

completion, and the speed control algorithm. (e VISSIM
COM interface was used to run the proposed algorithm in
microscopic traffic simulation environments. (e analysis
network is a 3-lane freeway with an on-ramp, and the truck
drives in the rightmost lane, the designated lane. (e main
result of the mobility analysis is that as the MPR increases, the
mobility of the truck-designated lane, as well as the mobility of
the entire network, is reduced. In MPR 100%, the rate of
congestion-free condition was 10% lower than inMPR 0%.(e
rate of risk-free conditions (ROFC) is defined to identify
network safety. Longitudinal safety is improved as the MPR
increases, while the lateral safety is reduced. (e speed dif-
ference between lanes was used as an indicator to conduct a
safety analysis of the truck-designated lane. (e speed differ-
ence between lanes of MPR 100% was approximately 2.5 times
higher than that of MPR 0%.

An automated driving system can create a synergy effect
when a traffic management strategy is introduced that
considers interactions with general vehicles and automated
vehicles. (is study is valuable because it explores traffic
mobility and safety change through simulation before the
introduction of the truck platoon. (e following additional
studies should be conducted to develop this research into a
platoon management strategy. First, the proposed platoon
formation algorithm does not include a component to
simulate platoon dissipation, which is essential to fully re-
flect reality. However, a platoon dissolution algorithm that

Table 5: Analysis results of speed difference between lanes by MPR.

ANOVA
Sum of squares d.f Mean square F Sig.

Between groups 3758.442 5 751.688 42.821 0.000
Within groups 2527.791 144 17.554
Total 6286.234 149
Post hoc test
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Sig. 1.000 0.299 1.000
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reflects car following and gap acceptance conditions should
be developed, and a platoon operation strategy should be
studied through an analysis of the off-ramp. It is also
necessary to ensure that the platoon is formed efficiently,
considering the vehicles that can be platooned in the same
lane and the surrounding lanes. Second, the scenario of this
study considered only the MPR of platoon trucks. However,
for the strategy of cluster operation, it is necessary to per-
form an analysis considering the combination of platoon
parameters such as platoon size, intraplatoon spacing, and
interplatoon spacing. Further studies should be carried out
in consideration of the various vehicle types of the platoon
and the operation strategies, such as designated lanes,
platoon-only lanes, and high-occupancy toll lanes. In ad-
dition, this study used traffic volume corresponding to the
level of service (LOS) C, which is the design level of service
for freeways [24], as the demand volume in simulation
experiments. However, various congestion levels and ratios
of trucks in the traffic stream should be taken into con-
sideration in evaluating the impact of truck platooning.
(ird, we simulated the platoon maneuvering in the VISSIM
by adjusting writable parameters such as speed and driving
behavior parameters using COM interface. However, it is
needed to simulate the behavior of the platoon using an
external driver module to completely control the maneu-
vering of platoons in the simulation. Finally, if the actual
maneuvering of automated vehicles is reflected in the
simulation, a reliable platoon impact estimation can be
obtained. In addition, although this study used safety dis-
tance and TTC-based indicators in the safety evaluation by
truck platooning, it is necessary to perform the evaluation
using a variety of surrogate safety measures.
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