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Abstract—Vehicle platooning can produce significant fuel
saving due to reduced aerodynamic drag. In the design of
future cooperative driving systems, quantifying such benefits
will be of utmost importance, because it will need to be
considered in designing, forming and managing platoons. This
work aims at developing an Open Source framework for
modeling aerodynamics effects. We perform a Computational
Fluid Dynamics (CFD) study about the aerodynamics of
vehicle platoons, describe a model that exploits the resulting
measurements, and implement it inside a road traffic simulator
to show how savings can be estimated by means of simulations.
Furthermore, we publish the necessary tools required to
reproduce the results, enabling further research. Strictly
speaking, this work does not deal with vehicular networks, but it
contributes to tackle the problem of optimizing the management
and control of platoons through proper use of communications
from the point of view of fuel consumption and battery usage.

areas with reduced drag and turbulence

Figure 1: Slipstreaming effect in vehicle platooning.

distance means increasing the capacity of the road at no cost
and reducing traffic congestion. With lower congestion, traffic
flows more smoothly and fuel consumption decreases.
The second one, which is the focus of this work, is related
to slipstreaming, sketched in Fig. 1. At high speed, air drag
is the major source of resistance, as air drag grows with the
square of speed. Simplistically speaking, the main sources of
air drag on a vehicle are two: air pressure, which (with respect
to normal air pressure) is higher at the front and lower at the
I. I NTRODUCTION
The cooperative driving research field is notoriously multi- back, and turbulence, which is evident at the back; friction on
disciplinary. Wireless networks ensure communication, but the surface of the vehicle is marginal. If two vehicles are close
we should consider vehicle dynamics, control systems, and to each other, they experience lower air drag, because the first
traffic engineering to see the big picture. Vehicle dynamics vehicle’s turbulence is disrupted by the second, and the second
and control systems are required for driving autonomous vehicle’s air pressure at the front is lowered.
Lower air drag translates into lower fuel consumption and
vehicles, and traffic engineering to evaluate the benefits of their
emissions,
but one of the still open problems in platooning is
application. Research in Cooperative Autonomous Vehicles
quantifying
such savings, because air drag phenomena are non
(CAVs) deals with the improvement of transportation: reducing
linear
and
extremely
complex, thus simplistic solutions as “the
traffic congestion, pollution, costs, and increasing safety;
closer
the
better”
might
prove false. An additional problem is
platooning is one of the applications with such goals.
related
to
the
high-level
coordination of platoons, which need
A platoon is nothing but a road-train of vehicles, where
to
be
created
and
maintained
according to some rules [2], [3].
the leading one drives (either manually or autonomously)
As
an
example,
consider
a
lone
vehicle contacting the Traffic
and the others autonomously follow at a close distance. The
Authority
(TA)
to
search
for
an
existing platoon to join to
longitudinal autonomous following function is implemented by
reduce
fuel
consumption.
If
the
platoon
to be joined is several
a control system called Cooperative Adaptive Cruise Control
kilometers
ahead,
the
amount
of
fuel
required
to speed up and
(CACC), which exploits locally-measured (e.g., radar-measured
approach
the
platoon
might
be
more
than
the
fuel saved by
distance) and wirelessly-received (e.g., leading vehicle speed or
the
slipstream
effect
[4]:
it
is
more
convenient
to continue
acceleration) data to maintain the target inter-vehicle distance.
driving
alone
or
trying
to
form
a
new
platoon
with
neighboring
Wireless communication allows the inter-vehicle distance to be
vehicles.
The
TA
needs
means
to
estimate
such
savings
to take
small without compromising safety, which cannot be achieved
the
proper
decision.
Last
but
not
least,
models
for
slipstreaming
using local sensing only (e.g., by employing a standard
are needed for the simulation of cooperative driving systems,
Adaptive Cruise Control (ACC)).
which
remains the only viable solution to study the effects
The reasons for reducing the distance are mainly two. The
before
deploying the system.
first one is improving the road infrastructure use. Human driving
is subject to speed-dependent safety distances. In particular,
most European countries mandate the 2 seconds rule [1] which A. Motivation and Contribution
means that, if a vehicle is driving at 130 km/h (∼ 36 m/s), the
Studies that analyze slipstreaming of truck or car platoons
driver should keep a distance larger than 72 m. If we consider do not derive a general model that can be used to estimate
a car length to be around 4 m to 5 m, then more than 93 % of savings. Furthermore, they do not give access to the tools to
the road is empty (and thus wasted). Reducing the inter-vehicle build on top of them or reproduce the results. Nonetheless, it

may not be evident why having such a model would be of
interest for the vehicular network research community and a
networking conference.
As already studied by our and other research groups (see
[5]–[10] to cite a few works), communication is fundamental:
local flow communications pertain to platoon control (for
example, longitudinal, lateral and maneuver control), whereas
global flow communications to platoon formation, management
and so forth. Optimizing platoons for fuel consumption
introduces other challenges, where networking and computing
(distributed, cloud, edge, . . . ) play a fundamental role too.
As will be shown in the paper, the problem is a function of
many parameters, such as the speed of the vehicles and their
distances, with a non linear nature. It requires a constant flow
of information, which is neither local or global, to coherently
transfer information from the platoon to the infrastructure and
back, and to compute the compensations necessary to spread
the advantages evenly among all platoon members. We need
to study and define what this flow of information is: which
is the relevant information, how large it is, how often it has
to be communicated. Moreover, we need to understand if the
problem is best modeled as a dynamic problem, implicitly
coupled with the control algorithms, or instead if is better to
model it as a step-wise static problem, updating the solution
from time to time (seconds? minutes?) with a time-scale that
ensures decoupling with the control algorithms, i.e., it ensures
that there is enough time between successive updates of the
solution to let the control algorithms reach a steady state of
the platoon and avoid any possible source of instability.
All of these challenges, typical of vehicular networks, require
a proper slipstreaming model. This motivates our work, whose
contributions can be summarized as follows:
• We perform a Computational Fluid Dynamics (CFD) study
using the Open-source Field Operation And Manipulation
(OpenFOAM) software: we analyze slipstreaming of
simplified vehicles called Ahmed bodies and derive
general results;
• We publish the tools to enable further research and
reproduce the results;
• We provide a simple model to interpolate values missing
from CFD analyses; and
• We implement the model inside the SUMO traffic simulator to show how fuel saving can be estimated in a
simulation environment.
II. R ELATED W ORK
Before reviewing literature, we need to introduce the
definition of drag force FD [11, Eq. 1.2], or simply drag:
1 2
ρv CD A.
(1)
2
Eq. (1) computes the resisting drag force [N] an object
experiences when traveling at a speed v [m/s] through a fluid
with a density ρ [kg/m3 ]. A [m2 ] represents the cross-section
area of the object with respect to the motion direction, while CD
is a constant called drag coefficient that depends on the shape of
FD =

the object. The lower the CD value, the better the aerodynamic
properties. The CD is measured inverting Eq. (1) in controlled
conditions (e.g., inside a wind tunnel). Measurements that study
slipstreaming compute the drag force when objects are placed
close to each other and compute the change in CD . Studying
slipstreaming thus translates into measuring the change of
CD . A reduction of CD by an amount x does not translate in
the same reduction of consumption, as other resisting forces,
such as rolling resistance, exist. Still, considering that at high
speeds drag contributes to a large fraction of the consumption
(e.g., around 70 % at 120 km/h [12, Fig. 22]), the impact is
non-negligible.
In the literature we find different studies on the effect of
vehicle platooning on drag, starting from fundamental books
on aerodynamics of vehicles [11, Sect. 8.6.1]. The book shows
the results for small convoys of buses. In a platoon of two
buses driving at 80 km/h at an inter-vehicle distance of 5 m,
the first vehicle experiences a CD reduction around 7 % to 8 %
and the second one around 40 %. In a convoy of three, at the
same speed and distance, the third vehicle experiences a CD
reduction of 50 %. A drag reduction is not only experienced
at small distances, but also at moderate ones (e.g., at 50 m,
20 % for the second vehicle and 30 % for the third). As the
book focuses on aerodynamics of single vehicles, it presents
these results to highlight the potential of driving in convoys of
vehicles and does not investigate the question further. In [13]
the authors derive a simple model based on this data. The model
does not consider vehicle types and positions for mathematical
tractability, but it testifies the need for a generic model for
cooperative platooning applications.
More in-depth results have been obtained in the scope of the
California PATH project [14]. In one of the project reports [12],
the authors quantify vehicle drag as a function of vehicle
spacing through wind tunnel measurements, for platoons of up
to four vehicles. The authors made a huge effort in publishing
all the measurement results in the report, which are otherwise
challenging to reproduce. The results clearly show the benefit
of platooning, but also its limits, by deriving some general rules.
For example, for the leading vehicle, there is no reduction in
CD for inter-vehicle distances larger than one vehicle length,
independently of the number of vehicles in the platoon, and that
the last vehicle is the one that experiences the least reduction.
In addition, the paper derives a simple generic model, assuming
that data for four vehicles is enough to derive such a model. Yet,
the model considers homogeneous vehicles and inter-vehicle
distances, and it is not possible to compute the reduction in
drag coefficient for different vehicles or different distances.
Another project focusing on platooning was SARTRE [15].
The final report [16, Sect. 13] includes measurements of a
platoon composed by two trucks and three cars. Computer
simulations performed with the open-source software OpenFOAM are used to obtain drag coefficients and field operational
tests to obtain fuel saving percentages. The results are very
encouraging, but are limited to the platoon formation under
consideration. Furthermore, no general model is derived, and
OpenFOAM configuration files are not available.

Other studies investigate the relationship of vehicle ordering
and slipstreaming [17]. Aerodynamically speaking, it might
seem evident that having a truck in front of a car is more
favorable than the other way round, but in this study the
authors show something not so obvious, i.e., that fuel saving
when a heavier truck is in front of a lighter differs from the
saving of two identically weighting trucks. In the latter case,
fuel saving is larger. This is of fundamental importance, as
such details need to be considered by the Traffic Authority to
(a) front view
(b) rear view
organize platoons.
Figure 2: Three-dimensional view of the Ahmed body.
The authors of [18] develop a model to simulate the aerodynamic characteristics of bodies in a platoon formation using
Parameter
Value
simplified shapes called Ahmed bodies [19] and simplified truck
geometries organized in platoons of up to four vehicles. As
Free stream velocity
63.7 m/s
Air kinematic viscosity 1.53 × 10−5 kg/(m s)
in [12], the results are obtained using inter-vehicle distances
Air density
1.196 kg/m3
relative to vehicle lengths (0.2, 0.5, and 1 vehicle length).
The work is particularly interesting for the insights it provides,
Table I: Single Ahmed body simulation parameters.
showing that, due to the complexity of fluid dynamics, a smaller
inter-vehicle gap might not always translate into lower air drag
for a certain vehicle. In certain conditions, the CD might even Being much simpler than precise car models, it reduces the
increase with respect to the nominal value [20, Fig. 4.1].
computational burden. The shape has a length of 1.044 m,
All the works in the literature provide valuable insights on a width of 0.389 m, and a height of 0.388 m including the
the properties of slipstreaming in platoons: however, they lack legs. A property of the Ahmed body is represented by the
to provide a general model and the tools required to reproduce rear slant angle which, in our simulations, is set to 25°. For
the results.
what concerns aerodynamics, the Ahmed body has a CD of
roughly 0.29 [19, Fig. 4]2 . In [20, Tab. 4.1] the CD is equal
III. M ODELING AND A NALYZING S LIPSTREAMING
to 0.30, while online experiments report a CD between 0.283
1
To analyze the slipstream effect we exploit OpenFOAM , an and 0.3064 .
Open Source CFD software that enables the analysis of fluid
flow [21]. Vehicles traveling through air represent one such A. Ahmed body in isolation
case. Here we describe the essentials; the interested reader
The rationale of the CFD simulations is to position multiple
should refer to the official OpenFOAM documentation.
Ahmed bodies at different distances and measure the CD of
OpenFOAM simulations are referred to as cases. Inside a each Ahmed body. We first perform a simulation with a single
case directory we typically find three subdirectories:
Ahmed body in isolation and verify that the resulting CD is
about in the same range of those found in the literature. Tab. I
• “constant”: it contains the geometries of the objects and
lists the most relevant simulation parameters. The complete
the physical properties of the fluid;
5
• “system”: it includes the configuration files of the simula- simulation setup is available in our repository , so results can
tion, such as the time steps, algorithms to be used, etc.; be reproduced. We use the same parameters of validation tests
found online and reproduce their conditions, including a very
and
• “times”: not a single directory, but rather a set of direc- high, non vehicular speed. Air properties (viscosity and density)
tories that represent time steps. Users must mandatorily correspond to 22° at sea level.
Fig. 3 shows the value of CD as function of the simulation
specify the “0” directory, including – among other things
– the initial conditions (i.e., at time t = 0). Additional step, the initial wide variations are due to the convergence
directories are created by OpenFOAM to store the results algorithm that starts with large correction coefficients forcing
of the simulation at different time steps, with the names oscillations before reducing them and converge; we compute
CD as the average over the last 100 iterations. The result
of the directories being the time step values.
OpenFOAM includes utilities that perform pre- and post- is a CD of 0.303, which differs by roughly 4 % from the
processing, such as tools to create meshes (the discretization of value extrapolated from the original paper [19] and lies within
the space around the objects), and solvers, that solve specific confidence intervals. Following the notation in [20], we denote
CFD problems. It also offers a GUI software (ParaView) that the CD of the Ahmed body in isolation with CD∞ .
is used for post-processing and visualization of the results.
2
exact value is not reported in the paper but can be extrapolate from the
In the analyses we use Ahmed bodies [19]. The Ahmed The
cited figure.
body, depicted in Fig. 2, is a benchmark model that captures 3 https://www.simscale.com/forum/t/ahmed-body/64235, visited Aug 13, 2020.
some of the essential features of air flow around real vehicles. 4 https://www.simscale.com/docs/validation-cases/
1 https://www.openfoam.com/

aerodynamics-flow-around-the-ahmed-body/, visited Aug 13, 2020.

5 https://github.com/AdvancedNetworkingSystems/openfoam-platoons.git
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Figure 3: Results of the simulations for the Ahmed body in isolation.
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Figure 4: Air velocity magnitude and pressure plots for the single
Ahmed body simulation.

same distance between each pair of vehicles). We choose the
set of distances listed in Tab. II (“Real” columns); as the
Ahmed body is smaller than a real vehicle, the distance in the
simulation is smaller than the real one, scaled by a factor of
3.5, which is the same scale between the real vehicle length
of 3.653 m (a small-sized car) and the Ahmed body length of
1.044 m. Even though in this work we consider platoons with
same sized cars only, we plan to investigate the implications
of having different vehicle types and our framework already
allows doing it.
Fig. 5 summarizes the results of the simulations. To ease
the interpretation of the results, the CD of each vehicle is
normalized against CD∞ (0.303), which was computed for the
Ahmed body in isolation. The trends of the experiments are
consistent with the results in [20], [22]. In particular, the leading
vehicle’s CD is always reduced, whereas at small distances
the last vehicle’s CD is always increased. For the subset of
distances (5 m, 6 m, and 7.5 m), the CD are reduced or, at
least, left unaltered. These preliminary results suggest that
fuel savings from platooning should not be given for granted,
because shortening the distance might not translate in reducing
the CD of every vehicle.
In general, the overall efficiency is increased, but gains are
very different, highlighting the need of effective compensation
mechanisms. Fig. 6 reports the average CD /CD∞ over all
vehicles as function of distance. Filled points are used to
indicate when CD /CD∞ < 1 for all vehicles and empty points
otherwise. The average CD /CD∞ is always smaller than 1,
which indicates an overall increased efficiency. CD /CD∞ is
smaller than 1 for all vehicles and all configurations only for
distances of 6 m, 8 m, and 10 m and there is no much difference
if the number of vehicles in the platoon is increased.

Fig. 3 also shows the lift coefficient CL , a quantity of interest
that OpenFOAM calculates. It indicates how much an object
is pushed upward by lift forces due to the air stream. We do
not consider it in this work, but future works might investigate
the impact of platooning on lift and thus on vehicle stability.
Fig. 4 shows magnitude of air velocity and pressure around
IV. P ROOF OF C ONCEPT I MPLEMENTATION
the Ahmed body. Far from the Ahmed body, the stream velocity
is 63.7 m/s (light green), meaning that air there is unaltered.
We present here a first implementation of the slipstream
Air at the front and at the rear of the Ahmed body is instead effect in SUMO. Recall that the computational complexity
stationary (blue), meaning that air is traveling at the same of CFD makes it impossible computing the slipstream effect
speed of the vehicle. With respect to the front, we observe during SUMO simulations: to obtain the results presented
an increase of pressure (Fig. 4b) which causes frontal drag. in Sect. III-B, a high-end PC required a few tens of hours.
The wake at the back is what followers exploit to reduce their The only viable solution is to pre-compute slipstream effects
frontal drag.
and import them later in SUMO. Furthermore, even with precomputations, it is impossible to obtain results for all vehicle
B. Platoons of Ahmed bodies
arrangements and inter-vehicle distances, thus an interpolation
After verifying that our simulation setup is correct, we methodology is needed. An additional challenge which we
proceed by placing multiple Ahmed bodies in platoon arrange- leave as future work is understanding the bounds within which
ments, with a number of vehicles ranging from 2 to 5. We effects are worth being considered. For example, we conjecture
perform the simulations at homogeneous distances (using the that vehicles having the largest impact are the closest ones,
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Figure 5: CD /CD∞ for platoon of Ahmed bodies with different
number of vehicles.
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carries out some functionality, such as computing a metric and
update the vehicle’s state. One example is the HBEFA device
(the name comes from the HandBook Emission FActors for
road transport [23]), which computes the amount of polluting
emissions a vehicle produces. As devices can be enabled for
specific vehicles, it is possible to obtain information from a
fraction of the fleet.
The name of our prototype device is Slipstream (implemented within the MSDevice_Slipstream class). It works
in symbiosis with the Battery device, which simulates the
battery consumption of electric vehicles [24]. To compute
the consumption, the Battery device considers numerous
sources of energy loss, including wheels rolling resistance,
road curvature and, of course, air resistance. The air drag
loss component is computed as in Eq. (1), so we modified
the Battery device to invoke the Slipstream device and
obtain a (potentially different) CD value at each simulation step.
The reason why we opt for the Battery device is because it
explicitly considers drag force (Eq. (1)) in the computation of
the instantaneous power consumption. Considering the effects
of drag simply requires to modify CD according to the model,
while for combustion models such as HBEFA this is not as
simple because the effect of air drag is embedded in the model
and would be hard to isolate. We believe this is possible, but
outside the scope of this work.
During the initialization, the device loads a dataset that
includes the measurement values obtained through CFD. The
dataset is a collection of records, each of which describes
a platoon: the vehicle types, the inter-vehicle distances, and
the CD /CD∞ values for each vehicle. Each record has the
following form:
t1
d1
c1
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d2
c2

...
...
...

tP −1
dP −1
cP −1
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Figure 6: Average CD /CD∞ over all vehicles as function of the
distance for multiple Ahmed bodies in a platoon formation. Filled
points indicate that drag coefficients of all vehicles are smaller than
CD∞ while empty points indicate that, for at least one vehicle, the
drag coefficient is larger than CD∞ .

while further ones might simply be neglected. This needs to
be verified, but it would limit the size of the CFD simulation
campaign.
A. A New SUMO Device
The slipstream model is implemented as a SUMO device. A
device is a software component that can be added to individual
vehicles SUMO simulations. At each simulation step, a device

ti are strings indicating the vehicle type and should match the
vehicle types in the SUMO simulation. Custom vehicle types
with specific properties (length, width, maximum speed. . . )
can be added to SUMO if needed. di are real values indicating
the distance from vehicle i to vehicle i + 1. They might differ
one another because the dataset can include values for nonhomogeneous distances. Finally, ci are the CD /CD∞ ratios
for that specific platoon configuration. The dataset includes
multiple records, one for each specific configuration. After
the dataset is loaded, SUMO invokes the main logic of the
slipstream device at each time step.
The device obtains from SUMO the list of neighboring vehicles. Assume that the device needs to find the
air drag for a vehicle v of type t in position p in a
platoon of P vehicles. We define a platoon as a list
((t1 , d1 ), (t2 , d2 ), . . . , (tP −1 , dP −1 ), (tP , −)), where 1 and P
are the first and the last vehicle in the platoon, and ti , di have
the meaning defined above. The distance dP is undefined, so
we simply set it to a dash symbol for coherence in the notation.
Fig. 7 shows a graphical representation of a platoon.

The device searches for compatible records inside the
dataset. A record R of size M is defined as a list
R R
R R R
R
R
((tR
1 , d1 , c1 ), (t2 , d2 , c2 ), . . . , (tM , −, cM )). As for the plaR
toon in the simulation, the distance dM is undefined. A record
is compatible if:
1) M = P : the record must include the same number of
vehicles that there are inside the platoon; and
2) ti = tR
i , i ∈ {1, . . . , P }: the types of vehicles in the
platoon match the ones in the record.
If no compatible record is found, the device issues a warning
and returns a CD /CD∞ value of 1, leaving the drag coefficient
unaltered. Since a simulation is dynamic, distances between
vehicles change continuously and are arbitrary. Thus, we cannot
assume that there is “the right record”. For sake of simplicity,
we assume that, if compatible records exist, then they must be
more than one. We need an interpolation technique that enables
to derive the slipstream effect for the considered vehicle, i.e.,
perform the interpolation of the CD /CD∞ values of the two
most similar records. To do so, we split the records into two
sets: one for the records for which the distance between v
and the predecessor and the successor are shorter than the
actual distances (set S), one for which it is longer (set L).
This sub-division has three different cases, i.e., v being the
first vehicle, the last, or any vehicle in between. Formally, let
R be the set of compatible records. If v is the first
S = {R : dR
1 < d1 and R ∈ R}

(2)

S = {R : dR
P −1 < dP −1 and R ∈ R}

(4)

L = {R :

dR
1

≥ d1 and R ∈ R},

(3)

if v is the last
L = {R :

dR
P −1

≥ dP −1 and R ∈ R},

(5)

and, if v is any vehicle in the middle
R
S = {R : dR
p−1 < dp−1 and dp < dp and R ∈ R}

L = {R :

dR
p−1

≥ dp−1 and

dR
p

≥ dp and R ∈ R}.

(6)
(7)

The partitioning in Eq. (6) and (7) automatically discards some
records that might be useful for computing the interpolation,
i.e., the following two sets of records:
R
{R : dR
p−1 < dp−1 and dp ≥ dp and R ∈ R}

R
{R : dR
p−1 ≥ dp−1 and dp < dp and R ∈ R}.

(8)
(9)

We are aware that this proof-of-concept implementation is
sub-optimal, and we only consider two records for computing
the drag coefficient with a linear interpolation, while more
complex approaches may yield better results. Developing
smarter solutions is part of our future work as well as the
estimation of errors introduced by simple linear interpolation.
B. Interpolation
After defining S and L, we refine the two sets using a
selection algorithm to find the two records (one in S and one
in L) that are the most similar to the platoon considered as seen
from vehicle v. From the perspective of v, the vehicles that

1

d1
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2

3

d3

4

driving direction

Figure 7: In this example the platoon is made of P = 4 vehicles
and the vehicle for which the device needs to compute the slipstream
effect is highlighted in gray (p = 3).

have more influence are the two directly in front and behind
it, then those preceding and following these respectively, and
so forth. Without claiming to derive an optimal algorithm,
given the non-linearity of the problem, we can use a greedy
algorithm that extracts, at each iteration k, the subset of all
records that minimize the sum of the squared distance errors
of the two vehicles at distance (measured as position in the
platoon) k from vehicle v from the two vehicles at distance
k − 1. Formally, define for every iteration k and for every
record R
f = dR
p−k − dp−k ;

b = d R
p+k−1 − dp+k−1

∆R = 2f + 2b

(10)
(11)

f represents the difference in distance between a record R and
the actual distance in the platoon for the vehicles in position
p−k and p−k +1 (so looking towards the head of the platoon).
b is conceptually the same, but towards the tail. ∆R is the sum
of the squared distance errors that we want to minimize. The
reason to use ∆R instead of the sum of the distance errors in
absolute value is that we consider a record to be more similar
to the platoon when the distance error is roughly equal in front
and rear, rather than when one of the two is very small and
the other large.
For both S and L, we invoke Algorithm 1. The algorithm
Algorithm 1: Algorithm for progressively refining the
set of records in X .
1 procedure searchRecords(X , p)
2
k←1
3
while |X |> 1 and p − k ≥ 1 and p + k ≤ P do
4
X ← arg minR∈X ∆R
5
k ←k+1
6
7
8
9
10
11

if X = ∅ then return ∅
if |X |= 1 then return set X
if p − k = 0 then
return searchToTail(X , p)

else
return searchToHead(X , p)

takes in input the set to be refined and the position p of the
vehicle v. It iterates on the distance k from vehicle v until
either the beginning or the end of the platoon is hit or until
there is only one or no records left. The latter case (X = ∅)
can only happen if X is empty since the beginning. If k
hits the end of the platoon and we are left with more than
a record in X , then we continue to search records by only

inst. power saving (kW)

considering vehicles towards the head of the platoon, invoking
the searchToHead method. If, instead, k hits the head of the
platoon, we invoke searchToTail to continue searching towards
the end of the platoon. The searchToHead and searchToTail
procedures are defined in Algorithm 2. The procedure are
similar to the previous case, but now we only have a distance
error that depends on a single distance rather than two and we
can use the simple distance and not ∆R for the selection.
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Figure 8: Instantaneous power saving for a platoon of 4 electric cars
running at a constant speed of 130 km/h as function of different
inter-vehicle distances.

procedure searchToHead(X , k)
while |X |> 1 do
X = arg minR∈X |dR
k−1 − dk−1 |
k ←k−1

C. Example Results

return set X

procedure searchToTail(X , k)
while |X |> 1 do
X = arg minR∈X |dR
k − dk |
k ←k+1
return set X

After invoking searchRecords on both S and L we have
three possible outcomes:
• |S|= 1 and |L|= 0: in this case the distance of the vehicle
v from its direct neighbors is larger than the largest
distance in the dataset. In such case we simply return
a CD /CD∞ value of 1 assuming that the vehicle is too
far to experience any reduction in air drag;
• |S|= 0 and |L|= 1: in this case the distance of the
vehicle v from its direct neighbors is shorter than the
shortest distance in the dataset. In such case we return
the CD /CD∞ value cL
p of the only record in L, assuming
that the influence is the same;
• |S|= 1 and |L|= 1: in this case we have two records and
we can perform a linear interpolation of two CD /CD∞
values as in the following description.
Let S and L be the only records in S and L; CD /CD∞ for
vehicle v is computed by the following interpolation:
c∗p =

L
S
cSp (dL
p−1 − dp−1 ) + cp (dp−1 − dp−1 )
.
L
S
dp−1 − dp−1

(12)

Eq. (12) cannot be used when the vehicle v is the first in
the platoon because the distance to the front vehicle is not
defined. In such case, to keep the model simple, we consider
the distance to the vehicle behind, so the equation becomes
c∗1 =

L
S
cS1 (dL
1 − d1 ) + c1 (d1 − d1 )
.
S
dL
1 − d1

(13)

Part of our future work includes the validation of the proposed
interpolation method, which requires additional computationally
intensive CFD simulations to test whether the outcome of
Eq. (13) matches the real value within an acceptable error
bound.

To showcase the potential of the model, we run a set of
simulations using P LEXE [25], which enables the use of CACC
algorithms within SUMO. We model a platoon of 4 electric
vehicles traveling at a constant speed of 130 km/h at different
inter-vehicle distances. The simulation parameters are P LEXE’s
default ones. We let the simulations reach steady-state with
stable inter-vehicle distance and measure the difference in
power usage with respect to an isolated vehicle.
It is important to mention is that Ahmed bodies cannot
be used to estimate fuel reduction because, being idealized
vehicles, they do not have a fuel consumption model. Instead,
we use a Tesla Model S P85 with a battery capacity of 85 kW h,
a maximum power of 350 kW, a drag coefficient of 0.24 and
a cross-section area of 2.34 m2 . We assume that the CD /CD∞
are the same as those of the Ahmed bodies. We are aware that
this is not realistic, but we reiterate that the simulations are
meant to prove the feasibility of the method, thus should not
be taken as valid from a quantitative point of view. Computing
the CFD of a Tesla, or any other real vehicle for what it
matters, is computationally too expensive to do without proper
support, furthermore it requires having detailed description of
the vehicle body to build the mesh, description that is normally
not available, thus such advanced steps should be done in
cooperation with the car makers.
Fig. 8 shows the results for the four vehicles in terms of
instantaneous power saving. Positive values indicate energy
being saved. In addition to the per-car power saving, we plot
the overall power saving by summing the values of all the
vehicles. By observing Fig. 8, we can notice that the model
succeeds in computing the impact of slipstreaming even for
distances that were not pre-computed (see Fig. 5). This is a key
step towards the formulation of a general model. The overall
power saving is maximized at the lowest distance, indicating
that the vehicles all together require 8 kW less than when
driving separately. If we want each of the vehicles to reduce
their power consumption, the graph shows that we need to
increase the distance to 5 m. With such a distance, the vehicles
to save about 1 kW to 2 kW each, leading to an overall power
saving of about 5 kW. As reference, the consumption model
computes a required power of around 58 kW per vehicle so
the power saved is in the order of 2 % to 4 % overall.

V. C ONCLUSIONS AND F UTURE W ORK
Fuel reduction through the slipstream effect is often mentioned as one of the main drivers to adopt platooning; however,
apart from a few small-scale experimental studies, there is
no literature that quantifies this effect as a function of the
platoon characteristics, nor tools available to the community
that empower such studies. The ambition of this paper is to
start filling this huge void with some building blocks that open
new and interesting research areas, rather than writing “The
End” on the problem.
The first one is outside the scope of this paper, but it is
worth mentioning. We have worked with Ahmed bodies, which
are considered good enough models of real vehicles, but this
tells nothing about the possibility of optimizing aerodynamics
of vehicles for platooning. Can in the future automotive
industries design vehicle bodies that minimize air drag when
fully autonomous, self driving vehicles platoon to optimize
infrastructure usage and minimize incidents?
A second area of research that is more directly influenced
by our work is platoon optimization. CACC algorithms
today normally assume identical distance between the platoon
vehicles, but it is not difficult to imagine that new algorithms
can be designed, or the available one adapted, to control the
position of vehicles in a platoon in such a way to minimize the
overall fuel consumption, while at the same time computing
the compensation incentives that balance the different savings
obtained as a function of the position.
A third area of research has already been mentioned, but
it is worth recalling. In a fully automated scenario, a Traffic
Authority could coordinate formation, re-configuration and, in
general, maneuvering of platoons. Optimizing traffic would
be a multi-objective function, one of these objectives being
definitely reduction of fuel consumption. To achieve this goal,
the Traffic Authority needs proper slipstream models, but also
tools allowing for fast simulations, as the complexity of the
problem rules out the possibility of analytic models.
The lessons learned through this work are multiple: i)
It is very difficult to include slipstream effects in dynamic
platoon simulations, but it is feasible; ii) Fuel reduction through
platooning may not be as large as some people believe, but it
occurs in all the platoons we considered; iii) Interdisciplinary
work between automotive engineers and computer scientist
is still needed to achieve better insights in the problem and
produce more effective models; and iv) Last but not least,
communications and coordination functions are more important
than ever to exploit the socio-economic benefits of autonomous
vehicles.
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