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ABSTRACT A promising application of cooperative driving is high-density platooning, which main goal
is to reduce fuel consumption by driving with inter-vehicle distances below ten meters. The prediction
of factors influencing the platoon capability to drive with such inter-vehicle distances the derived safe
inter-vehicle distances, drives the potential fuel saving. Our aim is to study the influence of the prediction,
especially the prediction horizon, on the achieved fuel saving as a function of different maneuver param-
eters. The contributions of this paper are: introducing the concept of maneuver reference to distribute the
effort of maneuvering in truck platooning; linking the fuel consumption to a compensation time, that is the
time during which the platoon will counterbalance the fuel consumption by benefiting from the reduced
air drag; presenting an optimization method for maximizing the fuel saving depending on some predictive
quality of service parameters. To model the fuel consumption and the duration of the maneuvers, we
use a lasso regressions on data obtained from simulation. We then use these regression models in our
optimization framework, which is based on particle swarm optimization. We show that to benefit from
high-density platooning, the magnitude order of the prediction horizon required by a five-truck platoon
is minimum hundred seconds.

INDEX TERMS Intelligent vehicles, vehicular ad hoc networks, optimisation, cooperative systems.

I. INTRODUCTION
An interesting and promising application of cooperative driv-
ing is high-density platooning (HDPL). Aiming to reduce
their fuel consumption, vehicles, generally trucks, in a
HDPL drive small inter-vehicle distances (IVDs)—15, 10
or even 5m. Indeed, this reduction can be achieved thanks
to reduced air drag [1]. In recent years, truck platoon-
ing aiming for energy efficiency has gained a lot of

The review of this article was arranged by Associate Editor Margarida
Coelho.

attention in the field of cooperative vehicle automation
research [2].

To achieve this efficiency whilst guarantying safety, the
application requires the exchange of information with low
latency and high reliability. The coordination between the
vehicles is supported by vehicle-to-vehicle (V2V), or vehicle-
to-everything (V2X) communications more generally. Safety-
related time-critical applications tend to be limited by the
lower-bound quality of service (QoS)—measured with key
performance indicators (KPIs) such as packet error rate
(PER), latency, data rate and packet inter-reception time
(PIR)—of their communications systems [3]. In HDPL, this
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limitation affects the IVD allowed for the trucks, and there-
fore on the achievable fuel saving. This impact of QoS on
fuel saving is highlighted by [4] in their review of fuel econ-
omy for platooning. It is furthermore observable from the
fact that most fuel efficiency studies assume a stable or a per-
fect communication link (e.g., [5], [6]). Effort for mitigating
the delays has also been put in developing robust platooning
control strategies, such as the distributed consensus strategy
presented in [7].

Varying QoS is one example of a factor affecting the
platooning vehicles to drive with low IVDs. Other exam-
ples are the traffic density and the presence of ingress and
egress lanes. QoS is the main focus of the research project,
5GNetMobil, in which scope this work has been conducted.
The predicted QoS is assumed to have been translated into a
future safe IVD. The relationship between the two parame-
ters, QoS and IVD has been studied in our previous work [8]
for one QoS indicator, the PIR, which importance for auto-
motive applications has been demonstrated in [9]. Using
safe IVD instead of a QoS indicator allows us generalize
the problem of fuel saving optimization in truck platooning.
Indeed, the safe IVD could, in the future, be derived from
a combination of road maps including ingress and egress
lanes, instantaneous traffic information and radio parameters
prediction, allowing to precisely determine the capability of
a platoon to safely reduce the distance between the trucks in
time and space. QoS is here used as an example as it is vary-
ing in a smaller time scale as traffic and is less predictable
than ingress and egress lanes.
In [10], a method for computing optimal plans is proposed.

It considers fuel-efficiency on the route level, providing
optimal rendezvous points to decrease the fuel consumption.
In [11], a multi-objective optimization method for platooning
control is presented. It comprehensively encompasses vehi-
cle safety, passenger comfort, formation control and fuel
economy. In [12], the speed is planned with respect to the
slope of the driven road while accounting for string stability.
[13] presents an optimization problem also considering the
slopes. The problem is based on distributed model predictive
control (DMPC) and solved with particle swarm optimization
(PSO). In [14], a method for providing the optimal speed
profile is proposed. It takes the topography of the road and
safety into account to improve the fuel efficiency of the pla-
toon. None of these approaches consider the maneuvering
times in the fuel consumption optimization. In the scope of
predictive quality of service (PQoS), or generally with pre-
dicted influencing factors, these times have a large influence
on the net fuel consumption.
In our previous work, we studied the impact of various

external factors on the performance of HDPL supported by
different radio access technologies. These factors are the
number of surrounding nodes and the inter-antenna distance
in [15], and the Doppler shift originating from incoming
traffic in [16], [17]. These previous studies motivate the
development of strategies for the adaptation to QoS vari-
ation. The prediction algorithm that provides the PQoS

could run on a base station, or be running on the nodes.
In [18], we presented an algorithm for such decentralized
QoS prediction; this algorithm can be used to provide the
prediction of future conditions required as input for the
method presented in the present paper. Part of the content
of this paper is based on the fuel saving study presented
in [19].
In this paper, we investigate the minimization of the fuel

consumption given a minimum safe IVD and its availabil-
ity period. This is achieved by studying the relationship
between the control strategy and the objective of our system,
the minimization of the fuel consumption. This metric is
computed from the trigger of the IVD adaptation to the
achievement of the maneuver, viz. when the target IVD is
reached, that is encompassing the closing and the opening
maneuver. To support these maneuvers, we present a concept
for group control, the relative reference for the maneuver,
along with other relevant control parameters. The maneuver
reference concept extends the graph-based Laplacian con-
trol algorithm presented in [20] for the closing and opening
maneuvers. We perform simulations using SUMO [21] and
ns-3 [22], as we intend to use the developed strategies in the
scope of simulations including a QoS prediction module.
We adapt the fuel consumption model of SUMO (see

Section III-B.2 to reflect the air drag reduction. We derive
the relationship between the fuel consumption and the dura-
tion of the chosen maneuver. The latter being of interest
because it is a time during which the platoon saves less
fuel. Using the air drag corrected fuel consumption model,
we translate the fuel consumption investment in a compen-
sation time. The resulting sets of maneuvering time and
compensation time for the two maneuvers allow us to per-
form fuel saving optimization depending on the available
prediction parameters.
The key contributions of this paper are:
1) Extending the distributed graph-based feedback con-

voy controller for closing and opening maneuvers by
introducing the reference of the maneuver;

2) Introducing a compensation time that is translating
the fuel consumption in a time that can be added to
maneuver durations;

3) Presenting the optimization of the fuel saving depend-
ing on the future safe IVD values.

The remaining of this paper is organized as following.
After introducing the used control model in Section II, we
present the method employed to evaluate the relationship
between fuel consumption and maneuvering time for HDPL
in Section III. The simulation setup is also presented in
this section, together with the simulated scenarios and some
selected results. Section IV builds upon these results to pro-
vide an optimization framework for enabling fuel saving.
Finally, this article is concluded in Section VI.

II. CONTROL STRATEGY
We aim at providing a fuel-efficient approach for HDPL
using PQoS. An important feature for this approach is
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the development of a control strategy for the IVD adap-
tation maneuvers. In this section, we present the platooning
control strategy together with the input parameters for the
optimization problem. The control strategy has three inde-
pendent features: (i) the platooning controller, (ii) the local
controller and (iii) the command input verification.

A. PLATOONING CONTROL ALGORITHM
For this study, we extend the longitudinal controller
presented in [20] for IVD adaptation in terms of maneu-
ver time and fuel efficiency. The advantage of this control
strategy compared to classical cooperative adaptive cruise
control (CACC) is that the formation is more robust to unsta-
ble communication links. A first study of the requirements
on the communication system using this control strategy for
emergency braking is presented in [23].
This distributed control algorithm is based on the

Laplacian control principle [24]. Each vehicle computes its
target speed using the following equation:

ṡ = −L(s− b) + vg, (1)

where s is the position vector in the curvilinear coordinates
frame following the displacement of the vehicle of interest,
b the bias vector that defines the formation and vg a vector
composed of the scalar target group speed. s and b are
typically vectors of lengths in m and vg in m/s. The target
speed is therefore expressed as the time derivative of the
position vector, ṡ. L is the Laplacian matrix, defined as:

L = I · W · IT , (2)

where I and W are, respectively, the incidence and the
weight matrices of the graph composed by the vehicular
ad hoc network (VANET). The nodes of this graph are the
vehicles, and its edges the communication links.
The enhancement presented in this section consists of

the offset and bias mechanisms. In the original algorithm
presented in [20], the offset and bias are calculated with
respect to the front vehicle, which is the reference of the
maneuver. This definition is appropriate for the creation
and the maintenance of the convoy. When it comes to the
modification of the IVD, it is interesting to optimize the
position of this reference point depending of the maneuver
performed—increasing or decreasing the IVD—, aerody-
namics parameters and the optimization objective. Indeed,
on the one hand, having the reference in the middle of
the platoon divides by two the maneuvering time. On the
other hand, it is more efficient in terms of fuel con-
sumption to have it behind when decreasing the IVD and
in the front when increasing it. The introduced maneu-
ver reference operates in the calculation of the offsets and
biases.
Fig. 1 illustrates simple examples of combination of objec-

tives and maneuver references for the closing maneuver.
The represented maneuver references are the back, middle
and front references. The latter corresponds to the classi-
cal CACC implementation, where the front vehicle is the

FIGURE 1. Reference placement for (a) fuel consumption optimization with
reference in the back, (b) maneuver duration optimization with reference at the center,
compared to (c) classical reference in the front during an IVD closing maneuver. For
each reference example, the figure comprises the fuel consumption time series, the
speed time series and an illustration of the reference influence on the maneuver. In
the fuel consumption time series, plain curves represent the instantaneous
consumption without air drag consideration. The overall consumption of the platoon
over the 50 s experiment is also given in the top right corner. In the speed time series,
we indicated the manoeuvring time TM. In the reference illustrations (third for each
subsection), the direction of driving is from left to right and the horizontal arrows
represent the direction of the acceleration.

reference of the formation maintenance. Using the back
vehicle as reference, although the acceleration and decel-
eration seems to be symmetrically swapped, the overall fuel
consumption is reduced compared the front reference, as
the vehicles accelerate from 22m/s to 25m/s instead of
25m/s to 28m/s. Due to the symmetry in terms of maneuver
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reference placement, the maneuver time remains the same.
When the maneuver position is placed on the middle vehicle,
the maneuver duration is halved and the fuel consumption
slightly reduced compared to the front reference. The maneu-
ver duration is reduced as the maximum travelled distance
during the maneuver is also halved, thanks to the displace-
ment of the reference. In this configuration, two trucks
are also accelerating from a lower speed, as in the back
reference, thus reducing the fuel consumption.
For the sake of simplicity, we only consider homoge-

neous target IVDs and vehicles within the platoon. In terms
of platooning control, introducing heterogeneity in IVD or
vehicle length would alter the symmetry of the formation and
therefore the optimal placement of the maneuver. However,
the characteristic of the vehicle fuel consumptions would
also change and drastically increase the complexity of the
optimization problem.

B. PARAMETERS
The platooning controller, which enables the group behavior,
is described in Section II-A. The local controller translates
the speed received from the platooning controller into an
acceleration command. Finally, the command input verifica-
tion ensures that the speed and acceleration commands do
not infringe the dynamics constraints.

1) INTER-VEHICLE DISTANCE CHANGE STRATEGIES

The variation of the aforementioned maneuver reference
yield different platooning strategies that allow to achieve
trade-offs between the time and fuel consumption objec-
tives. In this paper, we present three strategies: front, center
and back references, further referred to as r ∈ {0, 0.5, 1},
respectively, in a platoon with an odd number of vehicles.
This variable is used to find the reference vehicle index
i ∈ N as i = r · (Nv − 1), with Nv the number of vehicles in
the platoon. In the general case, the reference point is not
restricted to a vehicle and can be placed anywhere in the
Frenet-Serret frame. For example, when Nv is even, the ref-
erence point will be at the midpoint between the two middle
vehicles.

2) DYNAMICS CONSTRAINTS

The vehicles in the platoon have inherent dynamical limita-
tions, such as maximal speed and acceleration capabilities,
arising from their mechanical properties. Additionally, we
impose some maximal and minimal speeds around the tar-
get platoon speed using the speed deviation parameter, �v.
These parameters dictate the shape of the velocity profile
during the maneuver in terms of height of the plateau.
To reduce the complexity of the problem, we use sym-
metrical values around the target speed vg = 25m/s,
vg ± �v. A small speed operating area limits the con-
sumption during the acceleration phase but yields a longer
maneuver.

III. SIMULATION AND SCENARIOS
To compute the net fuel saving of an HDPL maneuver, we
need to account for the IVD adaptation maneuvers. In this
section, we present the method for studying the relation-
ship between the duration and the fuel consumption of the
maneuvers.
A fuel consumption model accounting for the reduced air

drag is first derived from existing air drag models fitted to
use fuel consumption inputs from SUMO. The computation
of the two observed parameters, the fuel consumption and
the duration of the maneuvers, is then provided. Finally, a
scenario is implemented in order to collect the data that
will be studied to derive the relationship between the two
parameters.

A. FUEL CONSUMPTION MODEL FOR HDPL
The expected gain of truck platooning is a decreased overall
fuel consumption. It is enabled by the reduced air drag expe-
rienced by each platoon member. Fuel consumption models
integrated in microscopic vehicular simulator generally take
into account individual vehicle parameters such as speed and
acceleration. In a HDPL system, the air drag experienced by
a truck is also strongly dependent on the other platoon mem-
bers. As a result, we develop an air drag correction strategy,
taking as inputs for each truck: (i) the fuel consumption
considering individual air drag; (ii) the IVDs; and (iii) the
position within the platoon.
We use a combination of the yaw averaged aerodynamic

drag coefficient (YAD) mentioned in [25] and the non-linear
air drag ratio φ, which derivation is presented in [26].
This non-linear, dimensionless, air drag ratio φ is at the

essence of the fuel saving. φ(d) : R+ → (0, 1] is a function
of the IVD, but also considers the position of the vehicle
within the platoon. φ → 0 when no drag force is experi-
enced, φ = 1 when the vehicle does not benefit from reduced
air drag due to preceding trucks.
In [25], the YAD is expressed as:

YAD =
∑Nv−1

i=0 cplatooningD,i
∑Nv−1

i=0 cno-platoonD,i

, (3)

where cD is the air drag coefficient, which is dimensionless.
The term cplatooningD,i is equivalent to cno-platoonD,i φ(d) as the air
drag ratio is correcting the air drag coefficient to reflect the
effect of the preceding vehicles. Moreover, we consider a
platoon of homogeneous trucks, as a result, cno-platoonD,i = cD.
Subsequently, eq. (3) becomes:

YAD =
∑Nv−1

i=0 cno-platoonD,i φi(di, vi)
∑Nv−1

i=0 cno-platoonD,i

= cD
∑Nv−1

i=0 φi(di, vi)

NcD
= 1

N

Nv−1∑

i=0

φi(di, vi) = φ̄, (4)

where φi(di, vi) is the air drag coefficient of the i-th truck
having an IVD di and speed vi, expressed in m and m/s
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FIGURE 2. Air drag ratio as a function of IVD for five trucks in a platoon. We assume
that the fourth and fifth trucks experience the same ratio as the third one. An air drag
ratio of 1 corresponds to the truck driving alone, that is experiencing no advantage
from other platooning trucks. Adapted from [26]. The first truck experiences a reduced
air drag for short IVD due to non-laminar flow effects.

respectively. φ̄ denotes the average air drag coefficient to
simplify the notation. φi(di) is obtained by matching the
speed to the table of air drag ratios provided in [26] and
is illustrated in Fig. 2. Note that thanks to the identifica-
tion of cplatooningD,i and cno-platoonD,i φ(d), the term cD disappear
from the YAD equation and is therefore not required
anymore.
In [25], the estimated fuel saving is expressed as:

cS = cU
1 − φ̄

2
, (5)

where cS is the platoon fuel saving and cU is the uncorrected
platoon fuel consumption, which is the sum of the individual
uncorrected fuel consumption of the platooning trucks, which
we get from SUMO. The fuel consumption corrected by the
estimated fuel saving cC is therefore:

cC = cU + cS = cU
φ̄ + 1

2
. (6)

cC, cU and cS are typically expressed in unit of vol-
ume per unit of time, typically in mL/s. In this paper,
we are interested in the actual fuel saving of perform-
ing the HDPL maneuver. As a result, the savings that
are computed are in comparison with not reducing the
IVD, instead of just considering the correction factor (see
Section III-B2).

B. METRICS
To maximize the efficiency of the platooning system, two
metrics are accounted for: the duration of the closing
and opening maneuvers, that also have to be minimized,
as they reduce the amount of time the trucks are sav-
ing fuel during the fuel saving period, viz. when the
trucks are driving with low IVD; the fuel consumption
of the closing and opening maneuvers, that have to be
minimize as they are deducted from the fuel saving of
saving period. The two objectives are however concurrent,
as faster maneuvers tend to be achieved by higher fuel
consumption.

1) MANEUVER DURATION

We define the maneuver time Tm as the duration between
the trigger of the IVD change (Tt) and the time at which
the target is reached. This happens when:

max(ζi) ≤ ε,

where ζi = |s− b| (see eq. (1)) for the local graph of node
i and ε is a tolerance value, 1m in the presented results. ζi
is related to the mean deviation between the IVD and the
target IVD for each vehicle. In other words, the maneuver
duration is the time at which the state vector is equal to the
bias vector and some tolerance.

2) FUEL CONSUMPTION IMPLEMENTATION

The fuel consumption of the maneuver C is the total rela-
tive fuel consumption of the platoon during the maneuver,
calculated as a difference with the consumption of the
same platoon not performing the maneuver. The baseline is
obtained by simulating a platoon with the same input param-
eters, with no IVD adaptation. The relative fuel consumption
C is therefore computed as:

cUk (t) =
Nv−1∑

i=0

ci,k(t) k ∈ {m, b} (7)

cCk (t) = cUk (t)
φ̄ + 1

2
(8)

Ck =
∫ Tm

0
cCk (t)dt (9)

C = Cm − Cb, (10)

where ci,k(t) is the instantaneous fuel consumption of the
truck i for the baseline (k = b) or the maneuver of interest
(k = m). ci,k(t) is provided by the fuel consumption model of
our traffic simulator SUMO, HBEFA3/HDV_TT, described
in [27]. cUk (t) is then the uncorrected instantaneous fuel
consumption of the platoon and cCk (t) the corrected instan-
taneous fuel consumption of the platoon. Ck is the total
corrected fuel consumption over the duration of the maneu-
ver of interest, Tm. Finally, C is the relative fuel consumption
of the maneuver, expressed as the difference between the
consumption of the maneuver and the consumption of the
baseline (no maneuver). Instantaneous fuel consumptions
c••(t) are expressed in unit of volume per unit of time and
fuel consumptions C and Ck are expressed in unit of volume,
typically mL/s and mL, respectively.
We investigate the gain of HDPL and compare different

maneuvers by using the relative cost function as introduced
in eq. (10). Using this model, we compute the net gain of per-
forming HDPL with five trucks depending on the initial and
final distances and report the results in Fig. 3. Particularly,
the gain of performing HDPL at 5m in comparison with pla-
tooning at 30m is 2.2mL/s with five trucks. These values
will be used to calculate a compensation time, TC, for the
maneuver fuel investment in the next sections. This subse-
quently allows to transform fuel investments to compensation
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FIGURE 3. Fuel saving as a function of the final IVD for various initial IVDs. The
saving is reported with respect to the same platoon not performing the IVD adaptation
maneuver. It is expressed both in approximate relative value and absolute saving.

FIGURE 4. Finite-state diagram of the IVD adaptation process. In the presented
simulation results, the closing and opening maneuvers are triggered at specific times
in a standardized fashion in order to derive the fuel consumption and maneuver
duration data. In the real setup, they are scheduled in the planning depending on the
features of the PQoS time series.

times and vice versa. This is particularly useful when it
comes to optimizing for both objectives: minimizing the fuel
consumption and the maneuvering times.

C. SCENARIO
To observe the relationship between fuel consumption and
maneuver duration, we consider a standardized platooning
scenario on a closed circuit. This allows us to run the
same scenario, independent on the actual maneuvering time,
assuming that the platoon will achieve the formation changes
in the imparted time. Our scenario is divided in five phases:
(i) platooning; (ii) distance reduction; (iii) HDPL; (iv) dis-
tance augmentation and (v) platooning. We then assume that
the platoon receives an information on a future favorable
QoS and triggers the reduction of the distance (ii) in order
to reduce the drag force experienced by the follower vehi-
cles, aiming to reduce overall the fuel consumption. During
the HDPL phase (iii), the platoon targets a new distance
df. The platoon is then made aware of a degradation of the
QoS and triggers the increase of the distance (iv). When the
manoeuvre is achieved, that is when the IVD is back to its
original value, the platoon continues to drive (v). The pla-
toon is composed of five trucks, driving on the test circuit
Ehra-Lessien, as illustrated in Fig. 5.
Fig. 4 illustrates the IVD adaptation process. In the study

phase, the scenario is divided into three periods of 100 s:
(i); (ii-iii); and (iv-v). The actual durations of the phases (ii)

FIGURE 5. Scenario snapshots: (a) simulation model of Volkswagen Ehra-Lessien
test track facility, and (b) zoom in on the five-truck platoon.

to (iv) depend on the maneuvering strategies implemented
and are results of these experiments. In addition to enabling
a standardized experimental process, the phases (i) and (iii)
provide stabilization periods. The data gathered in this time-
triggered implementation will allow to develop strategies to
process actual PQoS time series. Each experiment indeed
yields two maneuvering times and two maneuvering fuel
consumptions.
Once the characteristics of the fuel consumption and

maneuver duration are known, the trigger times of the clos-
ing and opening maneuvers are part of the optimization
results. Their schedule will then depend on the features of
the minimum IVD time series and therefore of the PQoS
time series.
We run the HDPL scenario with a coupled traffic and

network simulator, with SUMO [21] and ns-3 [22]. This
combination has been chosen to leverage the link between
platooning performance on the one side and QoS and sur-
rounding traffic modeling on another side, as performed in
the scope of the 5GNetMobil project, in which the work
presented in this paper has been realized. We implement the
control strategies described in the previous section directly in
ns-3. Leveraging the tracing capabilities of ns-3, we gather
instantaneous IVD, speed, fuel consumption and graph devi-
ation time series for combinations of the control parameters.
The rationale behind using a network simulator in this func-
tional study is to enable running the fuel saving methods
in the scope of framework including predictive communi-
cations algorithms, such as described in [18], in the future.
The parameters for the communications systems are detailed
in this paper.

D. SIMULATIONS
In the considered setup, the platoon behaviour is controlled
by varying �v, which defines its speed boundaries. With a
low �v, the platoon may reach its target formation faster,
with the risk of consuming a large amount of fuel whilst
maneuvering. With a larger �v, it will benefit from the
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TABLE 1. Simulation parameters.

FIGURE 6. Duration of a closing maneuver for an initial IVD di = 30 m and a final IVD
df = 5 m for the three maneuver references. The fastest maneuvers are achieved with
the middle reference. The opening maneuver, which is not represented for clarity
purposes, shows similar results.

reduced air drag for a shorter duration. To investigate the
influence of the introduced references, we study multiple
combinations of initial and final IVDs for varying speed
boundaries. The simulated parameters are summarized in
Table 1, yielding a total of 1500 experiments, including the
baselines. We then process the obtained data time series in
order to obtain the total fuel consumption and the maneu-
vering time. We choose to set the target platoon speed to
25m/s = 90 km/h because it allows to provide a fair com-
parison with a realistic baseline. Indeed, multiple trucks
driving with IVDs of 30m at 90 km/h is a situation that
can be observed on highways. It has the disadvantage of
creating situations where the truck speed overreaches the
maximum legal speeds in some countries. Considering that
automated driving with IVDs of 5m is also not yet allowed,
these results are provided for the purpose of revealing the
potential of HDPL. Lower target speeds have been investi-
gated; the results are scaled down without drastic change in
the tendencies. These results are not presented in this paper.
Figures 6 and 7 show the duration and the fuel consump-

tion of closing maneuvers by the means of boxplots for
the three studied references. The fastest maneuver can be
achieved by setting the reference in the middle, but the low-
est fuel consumption are achieved with the back reference.
This illustrates that the choice of the reference is not trivial
a compromise has to be found, balancing maneuver duration
and fuel consumption.
Fig. 8 shows the two metrics as a function of the maximum

speed deviation parameter for an illustrative scenario. The

FIGURE 7. Fuel consumption of a closing maneuver for an initial IVD di = 30 m and
a final IVD df = 5 m for the three maneuver references. The lowest relative fuel
consumption are achieved with the back maneuver reference. The opening maneuver,
which is not represented for clarity purposes, shows opposite results for the front and
back references, which is explained by the symmetry of the maneuvers.

FIGURE 8. Influence of the maximum speed deviation parameter �v (see
Section II-B2) on the duration of the maneuver and the relative fuel consumption for
an exemplary scenario. The maneuver duration can be reduced by allowing a larger
maximum speed deviation, with the consequence, however, of increasing the fuel
consumption. This illustrates the competing feature of the two objectives.

choice of this parameter also has a large impact on both
metrics, with an opposite influence as a low maximum speed
deviation yields a low fuel consumption and long maneuver,
while a higher maximum speed deviation yields a high fuel
consumption and a short maneuver.
maneuver and the fuel consumption of this maneuver

using �v.

E. MANEUVER PERFORMANCE MODELING
The previous results provide the maneuver duration and fuel
consumption for discrete values of �v, di and df. In order to
use these results in an optimization framework, we first need
to create a continuous model yielding the two metrics. This
modeling has initial and final IVDs, a reference and a max-
imum speed deviation �v as inputs. We choose to fit a least
absolute shrinkage and selection operator (Lasso) model [28]
to the obtained data. Lasso is a regression method that exe-
cutes a variable selection and regularization step to improve
the prediction accuracy. On top of the least square regres-
sion, Lasso constraints the sum of the coefficient absolute
values under a threshold. As a result, the coefficients of the
parameters with small or no influence on the predicted vari-
able are set to zero or close to it. This constraint implements
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both the regularization and the variable selection. Lasso is
a univariate analysis method: The two observed variables,
duration and relative fuel consumption, have therefore to be
modeled separately.
We propose to take both the references (front—the state of

the art—, middle and back) and the types of maneuver (open-
ing and closing) into account by fitting six models (three
maneuver references for each of the two maneuvers), and
this for the two target values. This results in 12 regression
models.
The inputs of these regressions are the initial and final

IVDs, di and df respectively, and the speed boundaries �v.
Observing the shapes of the different points in the presented
results, the target variables show a polynomial dependency
on speed boundaries. Considering the regularization feature
of the Lasso regression, we can take the polynomial combina-
tion of our features without risking over-fitting. To establish
the degree of the polynomial combinations and the shrink-
ing penalty λ, we perform an exhaustive grid search with
k-fold cross validation. We use the coefficient of determi-
nation R2 as scoring function and k = 3. If the degree of
the polynomial is almost always 3 for the 12 models, the
best value of λ is varying. This reinforces the motivation to
use the grid search for all 12 models instead of fitting the
hyper-parameters on one model only.
The obtained Lasso regressions allow us to obtain relative

fuel consumption and maneuver durations for every combi-
nations of maneuver (closing and opening), reference (front,
middle, back) and initial and final distance, with di ∈ [5, 30]
m, df ∈ [5, 30] m and di > df.

IV. FUEL CONSUMPTION OPTIMIZATION
Given the predicted values of a factor influencing the mini-
mum IVD, we want to provide the best strategy for HDPL,
accounting for the fuel consumption and the duration of the
closing and opening maneuvers. The first step is to trans-
late the predicted influencing factor values into a minimum
allowed IVD considering the safety of the platoon. An exam-
ple of such translation for PQoS is provided in [8] with the
PIR as QoS indicator. This translation step allows to make
the optimization framework independent of the chosen influ-
encing factor. Moreover, IVD is part of the inputs of the
models presented in the previous section, with di and df.

To simplify the usage of the aforementioned models, the
provided times series of predicted influencing factor is sim-
plified in the following way, with PIR as exemplary factor.
The PIR is foreseen to suddenly drop (e.g., from 0.5 s to
0.05 s), to remain stable for a duration of TF and then to
increase back to its original value. In this example scenario,
the future prediction of the PIR can either come from the
network [3] or from a decentralized system [18]. The lower
PIR value is finally translated into a minimum IVD, dm.
As a result, the provided input timeseries is modeled into
a pair of values, a favorable time TF and a minimum IVD
allowance dm.

The fuel saving optimization problem, which is con-
strained by this pair of values, is first presented. An evolu-
tionary algorithm is then used to perform the optimization.
The aim is to choose a final IVD df and the correspond-

ing r and �v for the closing and opening maneuvers that
maximize the fuel saving given the two constraints TF and
dm. The platoon should only change its IVD to df, with
di > df ≥ dm, if it is possible to execute the opening and
closing maneuver and save fuel within a duration TF. di
denotes the initial IVD and is the IVD of the platoon before
starting the maneuver. After the HDPL maneuver, the truck
formation aims at returning to its initial state, with d = di.

The optimization problem can be formulated as:

max FS
s.t. di > df ≥ dm, (11)

where FS is the effective fuel saving after deducing all
maneuver consumptions. FS is expressed in unit of volume.
To provide a solution to eq. (11), we need to investigate

the dependency of FS on the maneuvering parameters. FS is
a function of the effective fuel saving time TH and the fuel
saving rate cdf of the chosen target IVD df:

FS = cdfTH, (12)

with cdf = f (df), as illustrated in Fig. 3. cdf is in unit of vol-
ume per unit of time and TH is in unit of time. The effective
fuel saving time TH is equal to the time during which the
HDPL benefits from the small IVD. It takes all maneuver
fuel consumption into account, viz. the consumption of the
closing and opening maneuvers.
These maneuver consumptions are taken into consider-

ation as compensation times for the opening and closing
maneuvers. The compensation time corresponds to the time
during which the HDPL has to maintain its target IVD to
save enough fuel to compensate the fuel consumption of a
maneuver. We denote the compensation time for closing and
opening maneuvers as TCc and TCo , respectively. Both are
obtained by dividing the maneuver relative fuel consump-
tions C by the fuel saving rate cdf , which depends on the
chosen df:

TC = C

cdf
. (13)

Accounting for the maneuvering times, we can express TH
as a function of the favorable time TF:

TH = TF − TMc − TCc − TMo − TCo − TCd , (14)

where TMc and TMo are the duration of the closing and
opening maneuvers, respectively. The results presented in
the previous section support that for some combinations of
parameters, the compensation time can be null or negative.
It is indeed possible to consume no fuel or even save fuel
during maneuvers, in which case TH includes part of the
maneuvering time. Table 2 summarizes the different dura-
tions involved and Fig. 9 illustrates their dependence to
IVDs.
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TABLE 2. Time variables description in the optimization problem. The net duration
of fuel saving is the favorable PQoS duration deducted by the maneuver durations and
the compensation times.

FIGURE 9. Illustrative representation of the IVD during the transformation between
platooning to HDPL and return from HDPL to platooning. The IVD during closing and
opening maneuvers, each maneuver compensation time as well as the fuel saving
duration are represented.

To compute the relative fuel consumptions, we use a
platoon not performing any maneuver as baseline. When
the references for the opening and closing maneuvers are
the same, the overall traveled distance remains identical
to the baseline. However, when different references are used,
this traveled distance differs and needs to be taken into con-
sideration. Indeed, the platoon will consume fuel to travel a
positive distance difference, or has saved fuel with a negative
difference. To account for this additional fuel consumption
or saving in our analysis, we introduce the traveled distance
compensation time TCd . It corresponds to the time during
which the HDPL has to maintain its target IVD to com-
pensate the fuel consumed or saved because of the distance
difference. TCd has the opposite sign of the distance differ-
ence. A negative TCd is then equivalent to extend TH. TCd

is computed as:

TCd = 4(di − df)(ro − rc)
∑5

i=0 ci,b|d=df
vgcdf

, (15)

where ci,b|d=df is the baseline instantaneous fuel consump-
tion of the truck i at IVD d = df, and rc, ro = {0, 0.5, 1}.

From the results in the previous section, we know that the
maneuvering times and the maneuvering fuel consumptions
are dependent on the reference, the maximal speed deviation,
the initial and final IVDs. TMc, TMo, TCc and TCo are there-
fore obtained from the models presented in Section III-E. The
compensation times are dependent on the fuel consumptions
and the fuel saving rate, which itself depends on the ini-
tial and final IVDs. We can therefore write the optimization

TABLE 3. Values and grid search intervals of PSO parameters.

problem in the following form:

max
�

FS(�)

s. t. di > df ≥ dm,

� = (rc, ro,�vc,�vo, df), (16)

where the indices c and o correspond to the closing and
maneuver. Fixing di to the original target IVD of the platoon,
we have five degrees of freedom in �.

V. OPTIMIZATION RESULTS
Given an influencing factor time series and its translation
into a minimum IVD time series, we can describe this time
series with two values, dm and TF. The objective function
described in the previous paragraphs has the disadvantage
of being non differentiable when considering the different
references. This feature of the objective function prevents the
use of any gradient-based method such as gradient descent
and quasi-newton methods. To find the five parameters that
maximize the fuel saving in eq. (16), we propose to use an
intensive search optimization algorithm.
To present the optimization results, we choose PSO, an

evolutionary algorithm that performs an iterative stochas-
tic optimization [29], [30]. This choice is motivated by
the relatively easy implementation of the problem in
the optimization framework provided by pyswarms [31].
pyswarms offers an framework for using PSO adapted to
constrained optimization problems by using a bounding box.
It is however merely an example, this choice should be
adapted to the available computing power.
We use a grid search based method for the hyper-

parameter optimization including the boundaries of the
particle speeds. Table 3 summarizes the values used for the
swarm optimization and the grid search. We use the objec-
tive function as scoring method. We apply the grid search to
several combinations of favorable duration, TF, initial IVD,
di and minimum IVD. The chosen hyper-parameter tuple is
the one that makes PSO yield the best solution the most
frequently.
With this setup implemented on a simple desktop com-

puter, the algorithm converges in a few seconds. The grid
search requires more time, in the order of magnitude of the
day, but should only be run once to get the optimal hyper-
parameters. As mentioned earlier, the PSO setup is not meant
to be used in a real-world deployment, but to provide the
results in the following.
Our ultimate goal is to choose a set of parameters for the

closing and the opening maneuvers that will maximize the
fuel saving, and, in turns, to derive the prediction horizon
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FIGURE 10. Fuel saving in percentage as a function of the favorable time for a
minimum IVD of dm = 5 m for representative combination of maneuver references.
The highest saving is obtained for the middle reference closing maneuver and back
reference opening maneuver. The classical front references are performing the worst.

value. To do so, we perform the optimization with different
sets of TF and dm. We can then observe the fuel saving as
a function of TF for different values dm and obtain an order
of magnitude of the prediction horizon.
Fig. 10 shows the results of the fuel saving optimization

with a minimum IVD dm = 5m and an initial IVD di =
30m. Here, 5m is the minimum constraint, the platoon can
target any IVD between dm and di. We actually force the
platoon to perform a maneuver by reducing the upper bound
to 25m. We can observe that the maximal fuel saving is
generally achieved by a combination of the middle closing
and back opening maneuvers. Indeed, the platoon reaches
an optimum by quickly closing the gap and then opening it
slower to maximize the benefit of HDPL.
We also observe that the fuel saving becomes positive

between 80 s to 150 s depending on the strategy combination.
Generally, all strategies outperform the classical approach
with front reference for all maneuvers. Finally, all curves
tend to a plateau. This plateau represents the maximal fuel
saving in percentage, which is reached when the maneuver
costs become negligible compared to the fuel saved at low
IVD. For the best performing set of maneuvers, it is reached
around TF = 200 s. This means that, at 90 km/h, a pla-
toon needs to drive 5 km before the maneuver costs become
negligible. The worst performing set of maneuvers reaches
this plateau at 600 s (not represented for clarity purposes in
Fig. 10), which corresponds to driving 15 km.
Fig. 11 presents the corresponding target IVD. For the

most fuel-efficient strategies, dm is reached with TF around
100 s. For the case of the classical front reference approach
a favorable period of 300 s is required. Under 100 s, com-
binations involving the front opening maneuver have the
maximal IVD as target.
One can choose the prediction horizon by choosing an

appropriate level of achievable fuel saving and the corre-
sponding necessary favorable time, as presented in Fig. 10
for instance. Indeed, the future conditions need to be pre-
dicted in order to determine if the platoon can drive lower
inter-vehicle distance. In this choice, one has to also take

FIGURE 11. Target IVD df as a function of the favorable time for a minimum IVD of
dm = 5 m for representative combination of manoeuvre references.

into account the target IVD, as the prediction horizon also
influences the confidence in the predicted value, meaning
that lower IVDs are more difficult to predict in a further
future.
100 s is the order of magnitude of the prediction horizon

requirement. As mentioned in the introduction, one exam-
ple of influencing factor is PQoS. For a prediction system
of a decentralized communications system such as the one
described in our previous work [18], this might be chal-
lenging as the prediction requires the future position of the
surrounding communicating vehicles. Accurately predicting
the position of vehicles 100 s is indeed a difficult task.
Depending on the accuracy requirement of the prediction
system, this task can be eased by the broadcasting of vehicles
trajectory. Another solution is to rely on a cellular commu-
nications system which proposed a PQoS feature, such as
5G, which promises it in future releases.
These results are closely bound to the chosen target

speed of 90 km/h. Reducing this target speed, the gain from
reduced air drag is first limited as it is proportional to the
absolute fuel consumption. Moreover, the closing and open-
ing maneuvers would be longer as the mobility rapidity of
trucks is reduced; as a result, for a given prediction horizon,
the platoon would either target a larger IVD or a benefit
from this target IVD for a shorter time.

VI. CONCLUSION
In this paper, we study manoeuvring strategies to achieve
fuel efficiency while doing truck high density platoon-
ing. We introduce the concept of reference placement in
a truck platoon control system to balance between the two
objectives of this problem: the fuel consumption and the
duration of the maneuver minimizations. We study the rela-
tionship between these two metrics as a function of different
maneuver parameters.
This study not only considers the fuel saving achieved by

driving small headways but also during the maneuvers by
developing a fuel consumption correction method. We show
that some strategies achieve fuel saving while performing the
maneuver, at a cost of longer maneuvering durations. The
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correction model also allows us to link the fuel consumption
of the maneuver with a compensation time.
Using these results, we are able to compute the required

prediction horizon for a predictive quality of service system.
This time is dependent on how far in the future the
favorable quality of service will occur, as it drives the min-
imum maneuvering time. We present the application of this
prediction horizon derivation on a packet inter-reception time
prediction time series that is translated into a minimum inter-
vehicle distance time series. We first show that changing the
reference of the maneuvers enables higher fuel savings. We
show that in order to actually achieve fuel efficiency with
a minimum IVD of 5m, a platoon requires a projection of
around 60 s in the future, considering that the quality of
service is provided without any cost.
These results provide the prediction horizon requirements

for prediction mechanisms in the scope of truck high-density
platooning systems. Linked with a system providing the fea-
sible inter-vehicle distance considering the future quality of
service, this decision making strategy will be an enabler for
agile quality of service adaptation.
The framework presented in this paper will also be used to

study the behavior of the prediction horizon and of the target
inter-vehicle distance with respect to different target speeds
and platoon sizes. As the traffic density can be predicted
and then translated into future conditions, this will allow to
provide an extensive study of the feasibility of truck high-
density platooning in various external conditions.

APPENDIX
In this example illustrating the maneuver reference, we con-
sider a three-vehicle platoon having IVDs of 10m and 5m
at a certain timestep, targeting an IVD of 8m. For the sake
of simplicity, we assume that there is a communication link
between each pair of vehicles, which results in the Laplacian
being equal to 1. The vehicle length is 2m As a result, eq. (2)
becomes:

ṡ = −1 · (s− b) + vg. (17)

The target time derivative of the state vector ṡ is calculated
for three cases:

1) front reference ṡ0;
2) middle reference ṡ0.5;
3) and back reference ṡ1.

A. FRONT REFERENCE
With the first truck as front reference, the state and bias
vectors are:

s0 =
⎡

⎣
0

−(10 + 2)

−(10 + 2 + 7 + 2)

⎤

⎦ (18)

b0 =
⎡

⎣
0

−10
−20

⎤

⎦. (19)

The resulting ṡ0 is finally obtained using eq. (17):

ṡ0 = s0 − b0 + vg

= −
⎛

⎝

⎡

⎣
0

−12
−21

⎤

⎦ −
⎡

⎣
0

−10
−20

⎤

⎦

⎞

⎠ + 25 =
⎡

⎣
25
27
26

⎤

⎦. (20)

B. MIDDLE REFERENCE
In this case, the vectors are:

s0.5 =
⎡

⎣
12
0

−9

⎤

⎦ (21)

b0.5 =
⎡

⎣
10
0

−10

⎤

⎦. (22)

We then obtain

ṡ =
⎡

⎣
−2
0

−1

⎤

⎦ + 25 =
⎡

⎣
23
25
24

⎤

⎦. (23)

C. BACK REFERENCE
Using the same logic with the last truck as reference:

ṡ = −
⎛

⎝

⎡

⎣
21
9
0

⎤

⎦ −
⎡

⎣
20
10
0

⎤

⎦

⎞

⎠ + 25 =
⎡

⎣
24
26
25

⎤

⎦. (24)

D. INTRODUCING �V
We already see that, depending on the reference in this rather
simple case, the target speed distribution changes. Driving
with higher speed generally increase the fuel consumption.
Another parameter of the system is the maximum deviation
from the target speed vg, which may reduce the target speed
in certain case and therefore the fuel consumption, but in
turns lead to longer convergence of the formation. In this
example, vg = 25m/s. Applied to the previous value, the
new target speed vectors are:

ṡ0 =
⎡

⎣
25
26
26

⎤

⎦, (25)

ṡ0.5 =
⎡

⎣
24
25
24

⎤

⎦, (26)

ṡ1 =
⎡

⎣
24
26
25

⎤

⎦. (27)

The parameter �v has an influence on both the fuel con-
sumption and the maneuver duration, and can therefore be
used to balance between the two objectives. In some cases,
this speed limitation may result in the algorithm not con-
verging. The simulated scenarios are however not concerned
by this issue.
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