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Evaluating Traffic Efficiency and Safety by
Varying Truck Platoon Characteristics in
a Critical Traffic Situation

Timo Faber', Salil Sharma', Maaike Snelder'?, Gerdien Klunder?,
Lérant Tavasszy', and Hans van Lint'

Abstract

Truck platooning is the application of cooperative adaptive cruise control where multiple trucks are electronically linked using
vehicle-to-vehicle communication. Although truck platoons might bring fuel savings and emission reductions, their interac-
tions with surrounding traffic and resulting impact on traffic operations and safety are not fully understood. The objective of
this paper is to evaluate traffic efficiency and safety in a critical traffic situation when truck platoons are introduced in the sys-
tem. This paper presents a case study of a merging section, located on Al5 motorway, near the port of Rotterdam in the
Netherlands. We consider two scenarios: platoons on a mainline carriageway and platoons merging onto a mainline carriage-
way. We simulate the movements of truck platoons in a microscopic traffic simulator. Longitudinal and lateral controllers for
truck platoons, proposed in this paper, can ensure their collision-free, string-stable, and smooth driving behavior. Simulation
experiments are conducted by varying platoon characteristics such as market penetration, length, intra-platoon headway, pla-
toon speed, and their ability to create a gap for changing lanes. The results suggest that truck platoons on the mainline carria-
geway may be detrimental to traffic efficiency and safety in high traffic intensity, whereas truck platoons originating from an
on-ramp produce limited impacts. Further, we conduct both local and global sensitivity analyses to analyze the impact of pla-
toon characteristics on traffic efficiency and safety. The findings emphasize that uncertainty in traffic efficiency and safety

strongly depends on the interactions among platoon characteristics, traffic demand, and traffic scenarios.

Cooperative adaptive cruise control (CACC) is an emer-
ging technology with automated speed controls by using
vehicle-to-vehicle (V2V) and/or infrastructure-to-vehicle
(I2V) communication (/). CACC is shown to be benefi-
cial for road capacity improvement (/, 2), traffic flow
stability (3, 4), and traffic safety (5, 6). CACC can be uti-
lized to improve the efficiency and safety of road trans-
port operations. The application of CACC to freight
transport is known as truck platooning. In this system,
trucks move together in tight platoons using V2V com-
munication (7). Recent practical trials report significant
fuel savings and emission reductions by introducing
truck platoons (8, 9), whereas simulation-based studies
report mixed effects on traffic efficiency (/10—15). We use
platoons and truck platoons interchangeably throughout
this paper.

The efficient transport of containers to the hinterland
is an important part of the global supply chain.
Grouping trucks together in a convoy might be an inter-
esting proposal for port authorities and carriers to move
containers out of the port area because of fuel savings,

efficient use of labor, and safer operations. Yet, little
research has been done so far to assess the impacts of
truck platoons in critical traffic situations which are par-
ticularly interesting for road transport authorities. One
of these situations lies around merging sections. The
interactions of truck platoons with the surrounding vehi-
cles in the vicinity of merging sections are not fully
understood, and neither are the effects on safety and effi-
ciency. Port terminals might generate a platoon demand
through on-ramps in the future, and to the best of our
knowledge, this paper is the first to consider this prob-
able scenario. Besides, the uncertainties associated with
the potential traffic and safety impacts, when considering
variable platoon characteristics (number of trucks in a
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platoon, intra-platoon headway, desired speed of pla-
toon, market penetration of platoon vehicles, and lane-
changing policy), call for a detailed sensitivity analysis.

Consequently, the main objective of this paper is to
evaluate the effects of varying several platoon character-
istics on traffic efficiency and safety at merging sections.
The contributions of this paper are twofold. First, we
develop a novel lateral controller in combination with an
existing longitudinal controller for truck platoons. These
controllers ensure collision-free, string-stable, and
smooth driving behavior of platoon vehicles. Moreover,
vehicles in a platoon can follow their respective leaders
by following a desired time-gap policy. Traffic and safety
impacts are subjected to the assumptions behind longitu-
dinal and lateral controllers. Second, we perform a com-
prehensive sensitivity analysis, both at the local and
global levels, to identify the impact of platoon’s charac-
teristics on traffic efficiency and safety around merging
sections. We consider both low and high traffic intensity
to identify platoon characteristics that might lead to pos-
itive or negative impacts on traffic efficiency and safety.

This paper is structured as follows. First, we present a
literature review on the modeling of truck platoons
within the microscopic simulation and their effects on
traffic and safety. Afterward, we present longitudinal
and lateral controllers for truck platoons which we have
implemented in the microscopic simulation software
OpenTrafficSim. Next, we present a case study of a mer-
ging section and discuss the impact of platoon character-
istics on traffic efficiency and safety. Lastly, we conclude
this paper and discuss future works.

Literature Review

This section presents a literature review on the modeling
of truck platoons and evaluating their impact on traffic
efficiency and safety.

Modeling of Truck Platoons

The longitudinal behavior of trucks in a platoon is con-
trolled using CACC. Most of CACC controllers use a
constant time-gap (CTG) policy in which the distance
between vehicles is proportional to the speed (3, 12, 16—
18). Other approaches mimic truck platooning field trials
which use a constant distance gap policy (19, 20).
Typically, a single leader is used for communicating
information to CACC-equipped followers (3, 12, 16, 19,
20). Other CACC variants report communications with
multiple leaders (/7, 18). Previous research has shown
that CACC controllers based on CTG policy can achieve
string stability and collision-free performance in most
situations. The car-following model such as IDM + has
also been used to develop the CACC controller for truck

platoon (15); however, the IDM + model results in a
variable time-gap policy in contrast to constant time or
distance gap policy used in the standard CACC
controllers.

Hsu and Liu specify lane-changing strategies for pla-
toons (27). In one case, the leader of a platoon signals
the followers and all the vehicles change lanes simultane-
ously. In the other case, vehicles become free agents and
change lanes individually after the leader. Simultaneous
lane changing of the truck platoon is also reported in the
European truck platooning challenge (8). However, pre-
vious research and practical trials are focused on pla-
tooning operation on mainline carriageways, and there
exists a gap regarding the merging strategies of truck
platoons.

Impact of Truck Platoons on Traffic Efficiency and
Safety

There are limited studies to assess the impacts of truck
platoons, and most of them focus on traffic impacts.
Miiller reports a 5.5% increase in road capacity with
CACC-equipped trucks over a hypothetical 5km-long
three-lane carriageway using simulations (/0). However,
the test site does not include any discontinuities. Deng
performs simulations over a 3.5 km-long two-lane carria-
geway without any discontinuities, and shows that aver-
age traffic flow significantly increases whereas space
mean speed decreases with an increase in the market
penetration of platoons (/7). Ramezani et al. show that
CACC-equipped trucks can reduce congestion propaga-
tion and improve traffic speed on a 15mile-long 1-170
corridor with 21 on-ramps and 20 off-ramps (/2).

Wang et al. study the impact of truck platoons on the
traffic operations near a merge section using simulation
(13). Their results suggest that truck platooning may
increase maximum outflow by 19% in congested condi-
tions but has no substantial impact in free-flow condi-
tions. However, the authors note that this increase may
be attributed to the fact that some vehicles are deleted
from the simulation if they are unable to merge in time.
Mesa-Arango and Fabregas evaluate the impact of truck
platoons on travel time and its reliability using VISSIM
simulation around a motorway exit (/4). Calvert et al.
report negative effects on traffic flow under congested
conditions when platoons are introduced on a 56.6 km
trans-European corridor in the Netherlands (/5). Yang
et al. use microscopic simulations near a merging and a
diverging area to analyze the impact of truck platooning
on traffic efficiency and safety (22). Their findings indi-
cate that truck platooning increases traffic flow even in
high traffic intensity. However, truck platooning nega-
tively affects merging and diverging of vehicles along
with traffic safety. To the best of our knowledge, only
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one study has attempted to investigate the safety impacts
of truck platooning. This indicates a need to comprehen-
sively study the safety impacts of truck platoons. In par-
ticular, scenarios involving truck platoons merging onto
a mainline carriageway from an on-ramp have not been
considered in the literature.

Longitudinal Controller for Truck Platoons

This section presents a longitudinal controller that gov-
erns the car-following behavior of trucks in a platoon.
We assume that there is no latency in V2V communica-
tion at the controller level and platoon vehicles do not
communicate with the infrastructure. Moreover, vehicles
in a platoon have homogeneous characteristics. We use a
CTG policy and three different controllers or modes to
simulate longitudinal movement trucks in platoons.

1. Cooperative Adaptive Cruise Control (CACC): In
this case, the leader of a CACC-equipped truck is
also a CACC-equipped vehicle, which means the
vehicles can communicate all relevant dynamic
information (headway, speed, acceleration, etc.)
with each other.

2. Adaptive Cruise Control (ACC): In this case, the
leader of a CACC-equipped truck is a non-CACC
equipped vehicle. Only headway and speed-
related information can be exchanged.

3. Cruise Control (CC): In this case, a CACC-
equipped truck has no leader within sight.

Preliminaries

An ego truck is a CACC-equipped truck. Let vqe, , v and
Fstandstil D€ its desired speed, its current headway spacing
from its leader, its current speed and minimum spacing at
standstill (3m), respectively. Let v, and a, be speed and
acceleration of the leader of the ego truck, respectively.
rf;‘(ff(je is the safe following distance required for the ego
truck (Equation 1). It is controller-specific, as it depends
on the target time-gap setting, tfzﬁ:" , in a particular mode.
We use 0.5s and 1.5s for CACC and ACC, respectively.

rlsx?(f)fie = tfg;[de;n -V ¥+ Fyandsint V mode € {CACC, ACC}
(1)

All three controllers are derived from the works of van
Arem et al. (3) and VanderWerf et al. (23). As the origi-
nal models were not designed to work in a dynamic traf-
fic situation, we have adapted them for platoons by
incorporating the following two characteristics.

1. Gap-Closing: The ego truck should be able to
maintain the desired headway from its leader. If

the current headway exceeds the desired head-
way, an ego truck should accelerate to reduce the
excess headway.

2. Acceleration-Following: The ego truck should fol-
low its accelerating leader in a string-stable
manner.

The three controllers have the same structure, that is, the
control variable (amode) i bounded by the ego truck’s
minimum (ani,) and maximum acceleration (amax) cap-
abilities. The three controllers differ in terms of the infor-
mation they use to compute ap.qe Which is based on
afe and a' . Here, ¢, is the maximum acceleration
based on the desired speed and headway setting of con-
troller and 4! is the maximum acceleration based on
the interaction with its leader.

CACC Controller

g — af
aechocc =k (vaes = V) + ka - (r = réacc (2)
alceaAdcc =ki-ap T k- (vp—v) T kg (r— ”gfcc (3)

acacc =

min(@max, max(al(e:aAdCC, Amin)), if ap>0 (4)

Min(@max, Max(min(agy qc» @&, dmin)), if not
By considering the distance headway from its leader, the
ego truck can close the gap if it is more than the desired
headway, as shown in Equation 2. In this way, the ego
truck can move within a platoon configuration by main-
taining the desired spacing from its leader. Equation 4
ensures that the ego truck follows its accelerating leader
in a string-stable manner.

ACC Controller

The ACC controller lacks information about the accel-
eration and deceleration capabilities of the leader:

disce =k (Vaes —v) t kg - (r — rf(f:ec (5)
“fz%jc:kv'(Vp_V)"'kd'(”_rfgc (6)

ascc = min(@max, max(min(aig(c)ca alAeaCdC)’ @min)) (7)

CC Controller

In this case, the ego truck only responds to deviations
between its desired and current speed:

652 = k- (v — ) )
acc = Min(@max, Max(agce, dmin)) 9)
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Figure |. Verification test for CACC controller’s performance: (a) platoon acceleration under stop-and-go scenario, (b) gap spacing
under stop-and-go scenario (blue line refers to the desired gap spacing), (c) platoon acceleration to keep gap spacing close to desired
spacing, (d) variation in gap spacing as automatic gap closing triggers when current spacing exceeds desired spacing, (€) platoon
acceleration under emergency braking scenario, and (f) gap spacing under emergency braking scenario.

Note: CACC = cooperative adaptive cruise control.

The values of the controller parameters should be cali-
brated by considering acceleration-following, gap-closing,
collision-free, and string-stable properties. We use the val-
ues of these parameters from the work of van Arem et al.
(3). Here, k, k,, k4, and k, are controller parameters whose
values are chosen as 0.3, 1.0, 0.1, and 0.58, respectively.
Besides, the parameter values should provide a smooth
acceleration response by minimizing overshoot and oscilla-
tions. The values of ana and ami, are chosen as 1.25 rn/s2
and —5.0 m/s%, respectively. The acceleration capabilities of
a truck that can be used in a platoon configuration should
be chosen in consultation with truck manufacturers.

Verification Tests for CACC Controller

We consider a platoon of five vehicles to conduct perfor-
mance verification tests for our CACC controller.
Figure 1 shows performance of CACC controller under
three scenarios.

First, we consider a stop-and-go scenario where the
leader of a platoon first decelerates for 2 s and then accel-
erates again for 2s. The CACC controller can respond to
the changes in the state of its leader and produces a
smooth (i.e., oscillation-free) and collision-free behavior.

Second, we consider a scenario where vehicles in a
platoon have a gap spacing more than the desired gap
spacing at the initial condition when a leading vehicle
instantaneously brakes for 2s. Our controller can bring
vehicles in that platoon at a safe gap spacing, thus result-
ing in a string-stable behavior.

Third, we consider an emergency braking scenario
where the leader of a platoon decelerates for 2s. Four
following vehicles, equipped with the CACC controller,
result in a safe (or collision-free) driving behavior as the
spacing between the vehicles stabilizes after some time at
around the desired safe following distance (ré‘fcc). We
observe that the braking action decreases speed of all the
vehicles, which in turn reduces the desired safe following
distance (rsc"‘/iecc) in a CTG policy. The controller’s
response to emergency braking also produces a stable
behavior in which the acceleration of four followers sta-
bilizes at 30s.

Lateral Controller for Truck Platoons

The lateral controller for truck platoons governs the
lane-changing process of the entire platoon. The lane-
changing process of truck platoons comprises several
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‘ Lane-changing desire ‘

|

Desire > Threshold Do not change lane

yes l

Allowed to change
lane based on lane-
changing sequence

Do not change lane

Gap-acceptance process

Turn on blinker

Free space in

Do not change lane
the target lane g

Do not change lane

‘ Change lane ‘

Figure 2. Lateral controller governing lane-changing of truck
platoons.

logical steps (see Figure 2). The first step is to check if
there exists a desire for a truck platoon to change lanes.
The second step checks if this value of desire exceeds the
fixed threshold of 0.1. A value of 0.1 ensures that only
necessary and mandatory lane changes are performed.
The lane-changing desire is explained in the following
subsection. If a truck platoon has a desire more than the
threshold, lane-change sequence step is activated that
ensures that all trucks in that platoon can change lanes.
Trucks in a platoon follow a last-vehicle-first principle to
change lanes. Finally, a gap is accepted or rejected based
on the resulting safe deceleration that follows from the
car-following model and available space in the target
lane. Here, the logic checks if space for a platoon to
change lanes is free, which depends on the number of
vehicles in that platoon desiring to change lanes. Besides,
the deceleration for both the lane-changing platoon vehi-
cle and the new follower in the target lane should be
larger than some safe deceleration threshold (24). The
key concepts of the lateral behavioral model of truck pla-
toons are described as follows.

Lane-Changing Desire

In this paper, platoons only perform mandatory lane
changes, and it is integrated into the lane-change model
with relaxation and synchronization (LMRS) (24). The
LMRS is based on the desire to change lanes which is
described as a combination of both mandatory and vol-
untary (discretionary) incentives. The desire to change
lanes for platoons builds only upon the route incentive of
the LMRS. Note that a strict keep-right policy is inte-
grated into the LMRS, which ensures that platoons move
on the rightmost lane of a mainline carriageway.

The desire to leave any lane & is denoted as d*. The
desire to change from lane i to lane j is denoted as d¥,
where i denotes the current lane and j denotes the target
lane. The desire to leave lane k based on the route r is d*,
which is either based on the remaining distance to change
lanes x* or on the remaining time to change lanes #*. If
the speed is (relatively) low, the remaining distance on
lane £ is the dominant factor in determining the desire.
Conversely, if the speed of the vehicle is (relatively) high,
the time remaining on lane k£ becomes dominant in deter-
mining the desire to leave the lane. The following equa-
tion shows how the desire to leave lane £ is determined:

i xk £
dr _maX<l—m,1—ﬂ,O) (10)

The first term in Equation 10 refers to the desire based
on the remaining distance to perform one (or multiple)
lane change(s) (#*) within the available look-ahead dis-
tance (xo). The second term refers to the remaining time
needed to perform one (or multiple) lane change(s) (¢*),
calculated as # = x* /v (v, the current speed of the vehi-
cle), within fixed remaining time before the lane ends.

Now that the desire for any lane (k) can be deter-
mined, it is necessary to determine whether changing
from the current lane (i) to the target lane (j) is desirable
(denoted as d”) using

di, N=1 and di>d

; 0 N=1 and d=d
Y = > X T r
WY@, N=1 and d<d (1)
—o AN =0

All cases in Equation 11 include a check on whether a
route can still be followed on the target lane. We use a
binary variable (A’) which takes the value 1 if the route
can be followed on the lane j. To derive the desire to per-
form the mandatory lane change, the desire to leave the
current lane and the desire to leave the target lane are
compared. If the desire to leave the target lane is smaller
than the desire to leave the current lane, we use the desire
to leave the current lane. If they are equal, we assume
that there is no desire for a vehicle to perform the manda-
tory lane change. If the desire to change from the current
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lane is smaller than the desire to leave the target lane, we
use the negative value of the desire to leave the target lane
to represent an undesirable mandatory lane change for a
vehicle. In case the route cannot be followed on the target
lane, a negative infinity desire is used to ensure that a
vehicle does not change to the target lane.

Lane-Changing Sequence

We use the last-vehicle-first principle for trucks in a pla-
toon configuration to perform mandatory lane changes
or merging maneuvers. This sequence ensures a safe and
smooth lane-changing maneuver as conflicts between
vehicles in a platoon and the surrounding vehicles are
minimized. The ability of a platoon to change lanes
depends on the desire of the last vehicle. The first step
for the lane-change logic is to assess the desire of the last
vehicle in a platoon and compare it with a threshold. In
the case in which the desire to change lane exceeds the
threshold, the last vehicle turns on the blinker and looks
for a gap in the target lane. The gap-acceptance process
for the last vehicle in a platoon is similar to LMRS (24)
as it depends on both spatial availability and acceptable
deceleration. Once the last vehicle accepts the gap, the
rest of the vehicles in that platoon change lanes together
once a suitable gap is available for them. When there is
enough space (or gap) in the target lane, the rest of the
vehicles in a platoon complete their lane-change maneu-
ver. However, this gap-creation process for the rest of
the vehicles in a platoon can be made faster by enabling
a gap-creation algorithm. An illustration of a platoon’s
lane-changing sequence is shown in Figure 3.

Gap-Creation Ability of Truck Platoons

The gap creation is considered here as the ability for a
platoon to create a gap so that vehicles that are part of
the platoon can change lanes. This is done by decreasing
the platoon’s speed in the case there is a desire to change
lanes but one- or multiple vehicles in the platoon are not
able to merge. For example, this situation may occur
when the last vehicle in the platoon has changed lanes
but the remaining vehicles in that platoon are unable to
change lanes because of the presence of a vehicle
obstructing space in the target lane. Then, the gap-
creation algorithm is triggered when a platoon vehicle
turns on its blinker (see process 3 in Figure 2).
Depending on the gap-creation deceleration, the speed of
the entire platoon is reduced by applying a deceleration
to the leading vehicle in the platoon. As every vehicle in
the platoon follows the speed of their predecessor, every
vehicle essentially follows the speed of the leading vehicle
of the platoon and the overall speed of the platoon is
reduced. As the overall speed of the platoon is reduced, a

Desire to change lanes for the last vehicle in a platoon

New acc i based on new predecessors

Required space for the rest of the platoon vehicles not free

Required space for the rest of the platoon vehicles free

New acceleration based on new predecessor

Figure 3. Lane-changing sequence of a truck platoon.

gap is created more rapidly than when no gap-creation
deceleration is applied. This process of gap creation is
repeated until the platoon can merge. The gap-creation
trigger is outlined in Figure 4. A verification test of the
gap-creation ability of truck platoons is provided in
Figure 5, where we observe that trucks in a platoon
apply a deceleration during their lane-change maneuver.

Experimental Design

In this section, we describe the network used for simula-
tion, demand profile, scenarios considered, and the per-
formance indicators to assess the impacts of truck
platoons.

Network Modeling and Demand Data

The network used in the simulation represents an on-
ramp to the A15 motorway near interchange Benelux in
the Netherlands. The A15 motorway provides access to
the port of Rotterdam from the hinterland, and it is one
of the significant freight corridors. The simulated net-
work is a two-lane mainline carriageway with an on-
ramp. The length of the acceleration lane is 330 m. The
total length of the simulated network is 3300 m. The loop
detectors are installed just after the merging section. We
consider two traffic situations, one with the low traffic
intensity (LTI) and the other with high traffic intensity
(HTI). The on-ramp to mainline demand ratio is fixed at
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w

Gap-creation trigger

Apply deceleration to platoon’s leader

v

Free space in
the target lane

Acceptable deceleration

Change lane

Figure 4. Logical steps in applying the gap-creation deceleration.

25%, and the percentage of trucks in the traffic is taken
as 15%. Every simulation run has a total duration of 1h,
with a 15min warm-up period to allow the network to
be filled. Figure 6 shows network and demand profile.

Truck Platoon Configuration

We assume that truck platoons are formed before enter-
ing the network and they have the following variable
characteristics.

1. Market penetration rate (MPR): 25%, 50%,
75%, and 100%

2. Platoon length: 2 trucks, 3 trucks, 4 trucks, and 5

trucks

Headway in a platoon: 0.3s,0.9s, and 1.5s

Platoon speed: 80 km/h and 100 km/h

5. Gap-creation deceleration: 0m/s*> (off), 1.5m/s
(low), and 3.0 m/s* (high)

6. Lane changing: only mandatory lane changing is
allowed

7. Cut-ins: only if intra-platoon headway allows for
that

> w

A reference platoon configuration is chosen to represent a
situation that, without further analysis, would neither
result in the “worst” combination of characteristics nor

Tr———
Acceleration || [H-6.0mis2 [l 40mis*2 []-2.0mis+2 [Jo.omis2 [[] 1.0mis2 [l 20mis~2

Figure 5. Verification test for the gap-creation deceleration
during lane changing of a truck platoon where colors represent
deceleration (orange), constant speed (yellow) and acceleration

(green).

2000 m 330m

|
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\_. Loop-detectors

700 m———

Demand profile

2500
2360

2000

1500

1180

Traffic demand (veh/h)
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@
Q
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0
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Simulation time (min)

Figure 6. Network (top) and demand profile (bottom).

the “best” combination of characteristics in terms of per-
formance and safety. In the reference platoon configura-
tion, we consider 50% of market penetration, 3 trucks,
0.9s of headway, a maximum speed of 80 km/h for the
platoon, and no gap-creation deceleration.

Scenarios

We consider the following three scenarios. Each scenario
is simulated for both the LTI and HTI.
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Table 1. Simulation Model Parameters

Description

Symbol Calibrated value
Car-following parameters

ear 1.25 m/s?

Aeruck 0.40 m/s>

b 2.09 m/s>

bo 0.50 m/s*

beric 3.50 m/s’

fpeed 1.00

So 3.00m

Tnax 1.20s

T, 0.50s

Vdes, car N (l 23.70, | 200) km/h

Vdes, truck N (85.00, 2.50) km/h

lear 4.00m

Itruck 12.00m
Lane-changing parameters

free 0.365
dsync 0.577
coop 0.788

Tmin 0.56s

T 25s

Veong 60 km/h

Vgain 69.6 km/h

Xo 295m

to 43s

Maximum (desired) car-following acceleration for cars
Maximum (desired) car-following acceleration for trucks
Maximum comfortable car-following deceleration
Maximum adjustment deceleration

Maximum critical deceleration

Speed limit adherence factor

Car-following stopping distance

Maximum car-following headway

Reaction time

Desired (maximum) speed for cars

Desired (maximum) speed for trucks

Length of cars

Length of trucks

Free lane change desire threshold

Synchronized lane change desire threshold

Cooperative lane change desire threshold

Minimum car-following headway

Headway relaxation time

Speed threshold below which traffic is considered congested
Anticipation speed difference at full lane change desired
Look-ahead distance

Look-ahead time for mandatory lane changes

e Base-Case Scenario: Platoons are not present in
traffic.

e Traffic Scenario 1: Platoons originate from the
mainline carriageway and are a part of through
traffic.

e Traffic Scenario 2: Platoons originate from the on-
ramp and merge onto the mainline carriageway.

We use OpenTrafficSim (25) to simulate above scenarios.
OpenTrafficSim combines IDM + car-following model
(4) with the LMRS (24). For non-CACC equipped cars
and trucks, we use default parameter settings. The model
parameters are tabulated in Table 1. All the simulations
are run 16 times with different random seeds, and the
results are then averaged.

Performance Indicators

We consider average travel time and maximum flow to
evaluate traffic efficiency. Time to collision and required
braking rate are used as surrogate measures to evaluate
traffic safety.

Average Travel Time. Since the total time spent (TTS) in
the network increases with traffic intensity, we use a nor-
malized value of TTS, that is, TT,, which is computed
by dividing TTS by the total number of vehicles gener-
ated in the simulation (N):

TT., = TTS/N (12)

Maximum Flow. The maximum flow is only of interest in
the HTI because of the presence of congestion and is
considered as a proxy for merging capacity. The maxi-
mum flow, gmax, 1 calculated by continuously extracting
a 5min moving average of the flow, g;, observed at the
loop detectors to account for temporary variability, also
because of the presence of truck platoons. For every min-
ute instance, ¢, the following equation 13 can be used to
compute ¢;:

1
G = 5D 4 V{0, .. T} (13)

Gmax = Max(qav.) vre {0, ..., T} (14)

Time to Collision. The time-to-collision (TTC) measures
the time between two vehicles if there is a possibility of
them colliding on a given trajectory. With vehicle i and its
predecessor i — 1, vehicle’s length /;, their positions x; and
x;_1, and their speeds v; and v;_;, we compute TTC; ; in

xi(H) — xi—1(6) — I;

TT . =
Ci.s vi(t) — vi_1(2)

A v,»(t)>v,~,1(t) (15)
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Table 2. Traffic and Safety Impacts of Introducing the Reference Platoon Configuration

Scenario

TT. Flow TTCobs  RBRps
(s) (veh/h/lane) (n/veh/h) (n/veh/h)

Low traffic intensity
Base-case scenario

Reference platoon configuration on mainline carriageway (traffic scenario I)
Reference platoon configuration merging onto mainline carriageway (traffic scenario 2)

High traffic intensity
Base-case scenario

Reference platoon configuration on mainline carriageway (traffic scenario 1)
Reference platoon configuration merging onto mainline carriageway (traffic scenario 2)

117.12 - 0.00 0.76
119.65" - 068" 4257
117.51 - 0.02" 0.60""
127.93 1884 27.95 18.44
149.04™ 1682" 6540  49.01"
132.16 1854 26.72 22.17

Note: TT,, = average travel time spent in the network; veh/h/lane = vehicles per hour per lane; TTC,s = critical time-to-collision observations (TTC <
4s); n/veh/h = number of critical observations per vehicle per hour; RBRy, = critical braking rate observations (RBR < -2.1 m/s?).
** and *5% and 10% of significance level compared to the base-case scenario, respectively.

for every simulation time-step ¢. We only consider critical
observations, TTC,y, which are below the threshold
value of 4 (26) as shown in

TTCops = » Y TTC;, VITC; <4s  (16)

iEN ¢t

Required Braking Rate. To account for the inability of
TTC to differentiate between severity in speed differ-
ences, the required braking rate (RBR) is also considered
which accounts for all the decelerations «;(r) a vehicle i
has undergone

RBR,, = ai(t) Vt € {0, ..., T} (17)

for every simulation time-step ¢ (27). We only consider
critical observations, RBR,ys, that exceed the threshold
of —2.1m/s* (25):

RBRuy = » Y RBR;, VRBR; < —2.1m/s* (I8)

ieN t

Impact of Reference Platoon Configuration

First, we introduce platoons as a part of the traffic
demand with reference platoon characteristics. We assess
the impacts on traffic flow and traffic safety in the LTI
and HTI scenarios. In the following two subsections, we
present the results for two traffic scenarios when pla-
toons are introduced on the mainline carriageway (traffic
scenario 1) and from an on-ramp (traffic scenario 2).

Traffic Scenario |: Platoons on Mainline Carriageway

The first traffic scenario is the one in which truck platoons
traverse on the mainline carriageway. In this case, other
vehicles merging onto the main road could be hindered by
the presence of truck platoons. Compared with the base-

case scenario, truck platoons increases the travel time of
the system under both LTI and HTT at a significance level
of 5% (see Table 2). The maximum flow rate decreases at
a significance level of 10%. The number of critical TTC
observations increases at a significance level of 5%,
whereas the number of RBR observations increases under
LTI and HTI at a significance level of 5% and 10%,
respectively. The more time vehicles spend in the network,
the higher are the chances that they incur safety-critical
situations. Overall, it can be inferred that the presence of
truck platoons on the mainline carriageway is detrimental
to both traffic performance and safety. Figure 7 presents
deteriorating effects of platoon on traffic flow.

Traffic Scenario 2: Platoons Merging from an
On-Ramp

The second traffic scenario is the one in which platoons
are merging onto mainline carriageway from an on-ramp.
In this case, truck platoons may experience the difficulty
of merging onto mainline carriageway but also affect the
other traffic when doing so. Introducing truck platoons
with reference characteristics does not affect the travel
time of the system under both LTI and HTT at a signifi-
cance level of 10% (see Table 2). Maximum traffic flow
also is not different than the base-case scenario at a signif-
icance level of 10%. In terms of traffic safety, truck pla-
toons merging from an on-ramp do not alter the number
of critical RBR observations at a significance level of
10% for both low and high traffic intensity situation.
Only in HTI, the presence of truck platoons lowers the
critical TTR observations at a significance level of 5%.
Overall, it can be inferred that platoons merging from an
on-ramp do not affect traffic performance and safety. It
should be noted that only 25% of platoons are generated
in traffic scenario 2 compared with traffic scenario 1
because of the fixed on-ramp to mainline demand ratio.
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Figure 7. Fundamental diagrams showing macroscopic impacts of the reference platoon configuration: (a) traffic scenario | — low traffic

intensity, (b) traffic scenario | — high traffic intensity, (c) traffic scenario 2 — low traffic intensity, and (d) traffic scenario 2 — high traffic intensity.

Impact of Platoon’s Characteristics

In this section, we analyze the impact of a platoon’s char-
acteristics on traffic efficiency and safety at the local and
global levels. First, we discuss one-at-a-time sensitivity
analysis (OAT-SA) which measures the impact of vary-
ing a single variable on the outcome (28). For our pur-
pose, we change one characteristic of the platoon at a
time by keeping others fixed at reference configuration
and observe its effect on the output. For OAT-SA, we
use a significance level of 5% to assess the results com-
pared with the base-case scenario. Second, we present a
global sensitivity analysis. In addition, we also look at
vehicle trajectories at the merging section These trajec-
tory plots illustrate the impact of platoon configuration
on traffic efficiency and safety. For each scenario, one

simulation run that is close to the average of 16 simula-
tion runs is selected for the purpose of illustration. Only
illustrations showing the impact of MPR are provided in
this section. The reader may refer to the rest of the illus-
trations in the appendix.

Traffic Scenario |: Platoons on Mainline Carriageway

Figure 8 shows the results of OAT-SA for traffic scenario
1. In the subsequent subsections, we explain the results.

Market Penetration Rate. An increase in the MPR of truck
platoons replaces non-CACC equipped trucks with
CACC-equipped trucks. Conflicts among merging and
mainline vehicles increase with an increase in the MPR of
truck platoons. Therefore, shockwaves are generated at
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Figure 8. One-at-a-time sensitivity analysis for traffic scenario I.

Note: B = base-case; TT,, = average travel time spent in the network; veh/h/lane = vehicles per hour per lane; TTC,, = critical time-to-collision
observations (TTC < 4s); n/veh/h = number of critical observations per vehicle per hour; RBRy = critical braking rate observations (RBR < -2.1 m/s?).
*Significance at 5%.

both the mainline carriageway and the acceleration lane. ramp vehicles have the most difficulty merging onto the
This effect is illustrated in Figure 9, where we present tra- mainline carriageway at 100% MPR, whereas in LTI,
jectories of both mainline and ramp vehicles. In HTI, ramp vehicles have limited difficulty as they can find a
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Figure 9. Impact of the market penetration rate of truck platoons on vehicle trajectories for the traffic scenario .

suitable gap to merge onto the mainline carriageway. As
a result, we observe an increase in travel time with
increasing MPR. Travel time can increase up to 2.8%
and 16.5% in LTI and HTI, respectively. Maximum flow
or merging capacity is only significantly affected at 100%
MPR: we observe a 5% decrease in capacity compared
with the base-case scenario. Similar to the impacts on
traffic efficiency, an increase in MPR deteriorates safety
as non-CACC vehicles often find themselves in risky and
safety-critical situations as captured by TTC and RBR
values. For all MPR scenarios, we observe that truck pla-
toons have a negative impact on traffic safety compared
with the base-case scenario under both LTI and HTI.
Critical TTC and RBR observations in HTT can increase
by a factor of 2.37 and 2.65, respectively.

Platoon Length. As the platoon length increases, the total
number of platoons decreases but the potential for a criti-
cal interaction with merging vehicles increases. It should
be noted that the linear increase in the platoon length
does not result in a linear decrease in the number of pla-
toons. An interplay between the platoon length and the
number of platoons governs the availability of potential
gaps for merging traffic, which in turn affects traffic effi-
ciency and safety. As a consequence of this interplay, we
observe a non-monotonic relationship between the pla-
toon length and performance indicators in both LTI and
HTI. In HTI, this interplay results in more or less similar
values of traffic efficiency and safety indicators, as trajec-
tories of ramp vehicles are similar (see appendix). We
observe a significant degradation of traffic efficiency and
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safety compared with the base-case. In LTI, changes in
platoon length do not significantly affect travel time com-
pared with the base-case but only for reference configura-
tion with 3 trucks in a platoon. However, the presence of
longer platoons results in more braking actions and an
increased intensity for merging interactions, which is
reflected in significantly worse TTC and RBR compared
with the base-case.

Headway in a Platoon. By increasing the intra-platoon
headway, we increase the effective length of the platoon.
Longer platoons on mainline carriageway thus present
more obstacles to merging vehicles. Therefore, both effi-
ciency and safety decrease. When we increase the intra-
platoon headway to 1.5s, we allow enough spacing for cut-
ins between two trucks in platoon (see appendix for trajec-
tory plots). In this case, the situation results in an improve-
ment to both traffic efficiency and safety compared with
the platoon configuration with 0.9 s of intra-platoon head-
way. At very small inter-platoon headways of 0.3 s, we do
not observe significantly different vehicle trajectories com-
pared with the base-case scenario. A platoon configuration
with 0.3 s of headway can be allowed in HTL.

Platoon Speed. Increasing the desired speed of platoon
vehicles reduces the speed differences between platoons
and surrounding traffic. Therefore, an increase in the
speed of platoons to 100km/h improves travel time in
LTI compared with a platoon configuration with the
desired speed of 80 km/h. At the high speed of a platoon
configuration, we also observe low numbers of safety-
critical situations. Overall, we observe a limited impact
on travel time and safety in LTI. In HTI, vehicle trajec-
tory plots (see appendix) show that conflicts among mer-
ging and mainline vehicles are present in both cases:
80km/h and 100km/h. As a result, we observe a dete-
rioration of traffic efficiency and safety in both cases
compared with the base-case scenario.

Traffic Scenario 2: Platoons Merging From an
On-Ramp

Figure 10 shows the results of OAT-SA for traffic scenario
2. We explain the results in the following subsections.

Market Penetration Rate. An increase in MPR of truck pla-
toons groups individual trucks in several platoons, thus
reducing the number of individual trucks originating
from the ramp. On one hand, trucks in a platoon will
have to seek one suitable gap to merge onto the mainline.
On the other hand, they require a longer gap than the
normal trucks; they might have to wait for a while on the
acceleration lane. By looking at vehicle trajectories in

Figure 11, we observe that truck platoons from ramp do
not greatly affect traffic conditions either for the ramp or
mainline vehicles. Irrespective of the merging process of
truck platoons, vehicles following a truck platoon can
merge onto the mainline carriageway if they can find suf-
ficient gaps. As a result, the traffic and safety impacts are
not significantly different than the base-case scenario in
HTI, whereas in LTI, we observe the slight deterioration
of travel time at 75% MPR than the base-case scenario.
Similar degradation of safety is observed at 100% MPR
than the base-case scenario. Still, the impacts on both
traffic efficiency and safety are limited.

Platoon Length. As explained in the previous section, an
increase in the number of trucks in a platoon configura-
tion results in a decrease in the total number of platoons
in the system. Longer platoons, although small in num-
bers, present more critical interactions with the surround-
ing vehicles and require a longer time to merge on the
mainline carriageway. Therefore, this interplay between
platoon length and the number of platoons governs traf-
fic efficiency and safety. As a result, we observe non-
monotonic relationships between performance indicators
and the length of a platoon. Travel time in both LTI and
HTI is not significantly different than the base-case sce-
nario. A platoon configuration with 2 trucks in HTI is
shown to increase maximum flow and decrease safety-
critical interactions. As we increase the number of trucks in
a platoon, we observe deterioration of traffic efficiency and
safety in HTT (see appendix for trajectory plots). Compared
with a 4-truck configuration, the traffic and safety situation
is improved in a 5-truck configuration because of the reduc-
tion of the number of platoons in the system. In contrast to
HTI, longer truck platoon configurations (i.e., 5 trucks)
slightly deteriorate traffic safety in LTI

Headway in a Platoon. An increase in the intra-platoon
headway increases the effective length of a platoon.
Longer platoons will have to seek a larger gap to merge
onto the mainline carriageway; therefore, there are higher
chances for increased conflicts between a platoon and the
surrounding vehicles (see appendix for trajectory plots).
Therefore, shorter intra-platoon headways (i.e., 0.3s)
result in fewer TTC observations in HTI. Travel time
and maximum flow do not differ significantly by chang-
ing intra-platoon headways compared with the base-case
scenario. However, in LTI intra-platoon headways have
a limited impact on both traffic efficiency and safety.

Gap-Creation Deceleration. The gap-creation policy is var-
ied among no gap-creation, low gap-creation decelera-
tion (1.5m/s?), and high gap-creation deceleration
(3.0m/s?). With higher gap-creation deceleration, the
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Figure 10. One-at-a-time sensitivity analysis for traffic scenario 2.

Note: B = base-case; TT,, = average travel time spent in the network; veh/h/lane = vehicles per hour per lane; TTC,,s = critical time-to-collision
observations (TTC < 4s); n/veh/h = number of critical observations per vehicle per hour; RBR,, = critical braking rate observations (RBR < -2.1 m/sz).
*Significance at 5%.

time needed by platoons to merge will be shorter (see lane-change duration minimizes conflicts with the sur-
appendix for trajectory plots). Consequently, a shorter  rounding vehicles and thus improves traffic efficiency
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Figure 1 1. Impact of the market penetration rate of truck platoons on vehicle trajectories for the traffic scenario 2.

and safety compared with the base-case. At least, the sit-
uation is no worse than the base-case when tested at a
significance of 5%. Especially in HTI, 1.5m/s* of gap-
creation deceleration significantly reduces safety-critical
TTC observation by 43.5%. Similarly in LTI, mid and
high gap-creation deceleration result in fewer RBR criti-
cal observations. The impact of applying a gap-creation
deceleration on travel time and maximum flow is not sig-
nificantly different than the base-case scenario.

Platoon Speed. With an increased desired speed, the pla-
toon is effectively able to synchronize with the target
lane (see appendix for trajectory plots). This synchroni-
zation helps not only in the gap-searching process but
also in ecasing conflict with the surrounding vehicles.
Therefore, we observe an improvement in traffic effi-
ciency and safety under both LTI and HTI.

Global Sensitivity Analysis

In the previous OAT-SA, we observe non-monotonic
relationships as well as the presence of local optima.
Furthermore, OAT-SA does not consider the entire input
space, as it ignores the simultaneous variation of input
parameters. We hypothesize that the interactions among
platoon characteristics mostly affect the output or perfor-
mance indicators. Therefore, we apply a global sensitivity
analysis technique, moment-independent measure, as it
also accounts for the correlations between input vari-
ables. Borgonovo’s importance measure, d;, analyzes the
impact of input, X;, uncertainty in the output distribution
without any reliance on a specific moment of the output
(29). The higher the value of §;, the higher will be the
effect of input X; on output. Moreover, the joint impor-
tance of all parameters equals unity, 8; 2., = 1. We can
use this property to obtain the contribution of model
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Figure 12. Global sensitivity analysis for evaluating the impact of truck platoon characteristics on traffic efficiency and safety.
Note: RBR = required braking rate; TTC = time-to-collision; TTS = total time spent.

inputs or main effects (}_,9;) and interactions among
model inputs (812, ,» — Y, d;) on the output uncertainty.

Let’s say the model input be X = (X1, X5, ...,X,) and
output be Y. fy(y) and fy)y,(y) denote the unconditional
and conditional probability density functions of the
model output, respectively. Then, the shift between fy(y)
and fyy,(y) can be computed by the area s(X;)

S0 = Jlfy(y) Oy (19)

The average effect of input X; on the whole distribu-
tion of the output Y is given by

Ex [s(X)] = fo,(x,-)[J H0) —frc0)lds (20)

In the following equation, we define moment-
independent sensitivity index §;:

B = 5 Exls6) e

For our analysis, we use Latin hypercube sampling to
generate a sample of input parameters. The range of
input parameters is as follows.

Market penetration rate (MPR): 0-100%

Platoon length: 2-5 trucks

Headway in a platoon: 0.3-1.5s

Platoon speed: 80-100 km/h

Gap-creation deceleration: 0-3.0m/s? (only used
in traffic scenario 2)

nhk W=

For every simulation run, we use a fixed random seed
to ensure that the output does not change as a result of
seeds. We generate 100 samples which are later used for
assessing the parameter’s importance; 400 simulations
are run to account for traffic scenarios and traffic inten-
sities. Sensitivity analysis is performed for four scenarios
using the SALib package (30) in Python 3.7, and the
results are shown in Figure 12. Based on the values of 8,
important platoon characteristics can be identified for a
given traffic scenario and a traffic intensity.
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Traffic Scenario I. In LTI, the platoon’s speed is mostly
relevant for TTS. For safety, MPR and length are the
two most important input parameters, whereas in HTI,
MPR, length, and headway affect TTS. Flow is mostly
affected by MPR. For safety, MPR and intra-platoon
headway are the most important input parameters. In
LTL the contribution of model inputs (>, d;) on uncer-
tainty in TTS, TTC, and RBR is 0.20, 0.58, and 0.38,
respectively. Similarly in HTI, the contribution of model
inputs (3, 8;) on uncertainty in TTS, Flow, TTC, and
RBR is 0.23, 0.25, 0.25, and 0.27, respectively. The low
values of ), 9; signal that a significant portion of the
output uncertainty is explained by interaction terms in
both LTI and HTT.

Trdffic Scenario 2. In LTI, MPR, length, and gap-creation
deceleration are the three most relevant input variables
for TTS. For RBR, Gap-creation deceleration and speed
are the two most important input parameters. In HTI,
MPR, length, speed, and gap-creation deceleration are
relevant for TTS. In LTI, we do not perform sensitivity
analysis for TTC as it is not affected by platoon charac-
teristics and most of the values are zeros. Further the
contribution of model inputs (}_;8;) on uncertainty in
TTS and RBR is 0.22 and 0.36, respectively. In HTI, the
model inputs can alone explain changes in TTS since
>°:8;=0.99. In contrast, the contribution of model
inputs (3_,8;) on uncertainty in the maximum flow,
TTC, and RBR is 0.31, 0.40, and 0.29, respectively. The
low values of )", 8; show that interactions play a major
role in output uncertainty.

Discussion

Our main finding is that truck platooning can be detri-
mental to traffic efficiency and safety. When truck pla-
toons are part of the mainline traffic, traffic efficiency
and safety are deteriorated in HTI around the merging
section. By introducing truck platoons on the mainline
carriageway, especially in HTI, we limit the opportuni-
ties for the merging traffic and in turn increase the com-
plexity of their merging maneuvers, as also reported in
previous studies (3, 15). However, truck platoons, being
a part of merging traffic, have a limited effect on traffic
efficiency and safety.

The sensitivity analysis conducted in this paper has
allowed us to design a platoon configuration that can
have limited negative impacts on traffic efficiency and
safety. Allowing truck platooning at short headways
around merging sections seems to be beneficial. An
increase in headways may allow merging vehicles to cut-
in but it is not better than the short-headway policy.
Increasing the desired speed of truck platoons on the
mainline carriageway is shown to increase conflicts with

the merging traffic. However, when truck platoons are a
part of merging traffic and also have a higher desired
speed, they are shown to merge smoothly as they can bet-
ter synchronize themselves with the target lane. The
length of platoons is shown to have a non-linear relation-
ship with traffic efficiency and safety indicators as we
observe local optima. It shows that the number of pla-
toons in the traffic system is also a significant parameter.
Gap-creation deceleration is an important parameter that
governs the lane changing of truck platoons. Reducing
the merging duration of platoons is shown to have a posi-
tive impact on traffic efficiency and safety.

Recall that we have used the OAT-SA to capture the
effect of individual platoon characteristics on efficiency
and safety. It falls short of capturing the interactions
among platoon characteristics. For this, we have used
global sensitivity analysis which shows that we cannot
separate the effects of individual platoon characteristics
and analyze them, as interactions among platoon charac-
teristics predominantly affect traffic efficiency and safety.
These interactions also help us to explain non-monotonic
relations between the length of a platoon and perfor-
mance indicators governing traffic efficiency and safety.
Therefore, several platoon configurations, resulting from
a combination of platoon characteristics, should be eval-
uated for a comprehensive traffic and safety assessment
in critical traffic situations. These situations may also
include evaluations around diverge and weaving sections.

We have considered TTC and RBR as surrogate mea-
sures to identify safety-critical interactions. The TTC val-
ues depend only on relative spacing (ds) and relative speed
(dv), whereas RBR values, being the control output of the
IDM + car-following model, also depend on the current
speed of vehicles. Figure 13 shows how TTC and RBR
measures can capture critical interactions on ds — dv
plane; the chances of critical interactions are high in the
yellow region. Even for the blue region that is marked safe
by the TTC indicator, there exists a probability of obser-
ving critical decelerations. If the current speed of a vehicle
is high, that vehicle may be involved in critical interactions
even at larger ds and smaller dv combinations as shown
by the RBR indicator. Furthermore, larger decelerations
(or RBR values) can also be related to traffic instability
which could lead to unsafe situations (317).

Conclusions and Future Work

This paper presents a comprehensive evaluation of traffic
efficiency and safety in a critical traffic situation, that is,
a merging section, with the introduction of truck pla-
toons in the traffic system. We propose a novel lateral
behavior controller for truck platoons. We implement
longitudinal and lateral controllers in microscopic simu-
lation software OpenTrafficSim. The case study around
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a merging section near the port of Rotterdam shows that
the introduction of the reference truck platoons configura-
tion on mainline carriageway deteriorates traffic efficiency
and safety in both low and high traffic intensity. However,
truck platoons, being a part of the merging traffic from an
on-ramp, do not significantly affect traffic efficiency and
safety. We use local and global sensitivity analyses to study
the impact of platoon characteristics on traffic efficiency
and safety. The global sensitivity analysis emphasizes that
the interactions among platoon characteristics contribute
more to uncertainty in the performance indicators than the
individual effects. In general, the results show that the
interaction between truck platoons and surrounding traffic
depends on the combination of platoon characteristics,
traffic demand, and traffic scenarios.

Future research should look into improving the mod-
eling of human-driven vehicles by incorporating human
factors (32). Besides, the control parameters for truck
platoons should be calibrated with field tests. In the
coming years, autonomous vehicles (AVs) are likely to
be part of the traffic mix. A promising research direction
will be to analyze the impact of truck platooning in such
a traffic mix of human-driven vehicles and AVs. AVs are
likely to improve the traffic safety and utilization of
available road space. However, merging conflicts
between truck platoons and autonomous ramp vehicles
might still cause problems for traffic efficiency.
Cooperation between vehicles might further improve
traffic stability and efficiency in critical situations.

Measures to prevent merging conflicts between truck
platoons and merging vehicles can also be explored. One
solution is to enable truck platoons with discretionary
lane changing so that they can change lanes in anticipa-
tion of possible conflicts with the merging traffic. Future

research should develop a discretionary lane-change con-
troller for truck platoons which may also include other
incentives such as gain in speed. This strategy might be
effective in HTI to improve both traffic efficiency and
safety. The other solution may come from highway man-
agement agencies. They may consider extending the
length of the acceleration lane. However, such a solution
might not be effective, as merging conflicts can still occur
if arrival times of truck platoons and ramp traffic are
synchronous.

Our findings suggest that truck platooning on mainline
carriageways seems to be detrimental to traffic efficiency
and safety in HTI. On the AlS5 motorway in the
Netherlands with successive discontinuities, transporting
containers out of the port area in tight platoons seems to
be feasible in LTI or night hours. Disengagement of pla-
toons near motorway discontinuous might be a possibility
in HTI. Future research can also leverage the potential of
communication and technological innovations to alleviate
merging conflicts. Besides, a promising research direction
can be to develop advanced and integrated traffic control
measures. For instance, a lane-reservation scheme for
truck platoons can be designed. It would, however,
require a detailed analysis to quantify the impacts of
reduced capacity and compare those with the gains.
Another direction can be to utilize an integrated control
measure by combining ramp metering with mainline traf-
fic controls such as variable speed limits.

Appendix

Here, we illustrate the impact of truck platoon character-
istics by looking at vehicle trajectories (Figure 14-20).
Vehicle trajectories are collected for mainline traffic
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Figure 17. Impact of the length of truck platoon on vehicle
trajectories for the traffic scenario 2.

Figure 19. Impact of the gap-creation deceleration of truck
platoons on vehicle trajectories for the traffic scenario 2.
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Figure 20. Impact of speed of truck platoons on vehicle
trajectories for the traffic scenario 2.
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