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Abstract—Grouping vehicles into platoons promises to im-
prove road capacity, driver safety, and fuel consumption. How-
ever, when platoons have to allow for cross traffic maneuvers,
the ability to control single large platoons is not sufficient, and
chaining smaller platoons becomes necessary. To this aim we
define PLATO, an edge-assisted multi-platoon control architec-
ture and, by delving into the dichotomy of unity and plurality of
platooning, we analyze costs and benefits of multi-platooning.
We investigate on the feasibility and formulate the utility of
multi-platoons by analyzing the underlying edge computing
and broadband cellular connectivity requirements. Using a
detailed simulator, we show that, in realistic environments,
multi-platoons can be effectively controlled with PLATO, as
long as the latency between individual platoon managers and the
multi-platoon manager is kept below a few tens of milliseconds.
Surprisingly, the latency between vehicles and managers is one
order of magnitude less critical.

Index Terms—Multi-platooning; MEC; Simulation

I. INTRODUCTION

The dichotomy between the one and the many is the subject
of several speculations of early philosophers, and in particular
of Plato’s dialogue Parmenides, in which the author portrays
Parmenides and Zeno debating with Socrates about unity and
plurality of beings. At a much more modest level, we discuss
the same dichotomy in the context of vehicles’ platooning.

Platooning of commercial vehicles along highways is likely
to be one of the first domains of application of automated
driving, since it brings the potential for better road efficiency,
lower fuel consumption and reduced drivers’ fatigue. The
idea of grouping vehicles into platoons dates back to the
late 80s (see for instance [1]), but only recently has become
viable, thanks to the combined development of advanced
traffic management systems (ATMS) and autonomous driving.
Controlling platoons to maintain safe inter-vehicle distancing
and string stability, i.e., to ensure that the inter-vehicle
distance error does not amplify downstream along the string
of vehicles, proved to be a challenging task, heavily relying
on wireless communication technologies able to guarantee
effective, low latency vehicle-to-vehicle (V2V) and vehicle-
to-anything (V2X) communications. However, the ability to
control a single platoon may soon become insufficient. In-
deed, the success of platooning may lead to very long strings
of vehicles travelling at short distances, that can hamper the
flow of vehicles that need to cross the platoon to reach a
highway exit or a service station. This calls for spacing after
some number of vehicles, thus producing a multi-platoon
setting, i.e., a chain of platoons that follow one another. Multi-
platoon control is very challenging because it requires enforc-
ing stability among platoons, and is more demanding than the
control of single platoons in terms of network resources. Two
standard approaches to support communications within and
among platoons are possible: the distributed approach, based
on dedicated short-range communications (DSRC), and the
centralized approach based on cellular radio access networks
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Fig. 1: Edge-based platoon controller architecture, using
MEC and cellular base stations

(RANSs). However, while DSRC would be put under stress
by high vehicle density and number of vehicles in multi-
platooning [2], cellular infrastructures offer high capacity and
low latency, larger coverage range, and flexible multi-access
edge computing (MEC) resources.

In this paper, we look at such MEC-based cellular scenario,
investigating the feasibility of edge-assisted multi-platooning
application, and leveraging our previous work for single
platoons [3]. As shown in Fig. 1, multi-platoon-specific
data, together with vehicle safety information, namely speed
and acceleration, are transmitted over the RAN to platoon
managers in the MEC. Platoon managers are coordinated by
a multi-platoon manager, to generate actuation commands
coherently across platoons. These commands are transmitted
from MEC to vehicles, again through the RAN, so as to
effectively control the inter-platoon distance. We name the
resulting control architecture PLATO (Platoon Layout Archi-
tecture for Traffic Optimization). To test PLATO, we develop
a detailed simulator based on SUMO [4] and derive a platoon
utility function that accounts for road utilization, aerodynamic
drag, as well as costs of connectivity, computation, fuel
consumption and reconfiguration.

The main contributions of this paper are the following:
(i) we define PLATO as the edge-assisted cruise control
architecture for multi-platoons; (i) we define a utility func-
tion that accounts for the different benefits and costs of
multi-platooning; (iii) we design a tool for the simulation
analysis of multi-platoons; (iv) we discuss numerical results
showing the achievable multi-platoon stability under several
configurations, and the reachable utility values. Our results
unveil the importance of placing platoon managers close to
the multi-platoon manager to avoid inconsistencies in control
instructions.

The rest of this paper is organized as follows. Section II
presents the related work. Section III describes our edge-
assisted control architecture, PLATO. Section IV discusses
overheads of PLATO, while we define the general structure
of costs and benefits of multi-platooning in Section V, where
we propose a utility function. The evaluation of PLATO is
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Fig. 2: Multi-platoon composed of three platoons

presented in Section VI. Eventually, Section VII summarizes
the paper and comments on future work.

II. RELATED WORK

Platooning was introduced to improve road capacity and
traffic flow efficiency, reduce fuel consumption, and enhance
passengers comfort [5], [6]. Fuel saving results from the
reduction of air drag resistance. The problem has been studied
through experiments in wind tunnels [7], [8], simulations
[9], [10], and field experiments [11]. From these studies,
the overall platoon reduction of fuel consumption can be
estimated in 4 to 12% depending on inter-vehicle distance,
while the fuel saving for single vehicles depends on their
position within the platoon [8], [11].

Regarding road utilization, a few works describe the
optimal organization of platoons. Rubin et al. [12], e.g.,
consider admission ramps and transit delays in multi-lane
highways. The associated solution was experimented in a real
highway, relying on V2V and showing the ineradicable trade-
off between the maximization of vehicular traffic flow and
networking delays. Part of our formulation in Section VI is
based on numerical data coming from these experiments.

Traditional policies to control a platoon rely on a dis-
tributed approach based on either IEEE 802.11p or 3GPP
V2X dedicated short range communication standards [5],
[13], [14], [15]. These studies show that a tight integration
between control and communication systems is necessary
to maintain short inter-vehicle distances and preserve string
stability. However, V2V struggles against radio interference
and shadowing, and multi-hop transmissions in the case of
long platoons. Recent studies show that 5G networks do not
suffer those problems and are suitable to run edge-assisted
platooning control [3], [16], [17], [18], with network delays
bounded to a few tens of milliseconds. So, in PLATO, we
rely on 5G and MEC.

When platoons encompass several tens of vehicles, platoon
control becomes challenging from both communication and
vehicle maneuvers perspectives [19]. Hence, multi-platooning
has been proposed [2], [12], [19], [20], relying on fully
distributed V2V approaches or hybrid V2I/V2N paradigms.
In particular, [2] focuses on radio resources allocation, and
compares the LTE evolved multimedia broadcast multicast
service (eMBMS) with device-to-device (D2D) multicast
communication. Results show that the latter requires less
network resources than eMBMS and outperforms unicast
D2D. [20] proposes a hybrid solution with intra-platoon
communications on V2V, and cooperative management of
multiple platoons delegated to a central ATMS entity. Instead,
by expanding the edge-assisted platooning we adopted in [3],
we design a multi-platoon manager on top of a set of platoon
managers, all of them running in the MEC as virtual network
functions (VNFs), so as to take full advantage of negligible

interference, high scalability, and simplicity of integration
with other intelligent transportation systems by operating in
a cellular network.

III. EDGE-ASSISTED PLATOONING

We consider platooning control as a network service that
runs at the edge of the cellular network, as in [3]. This means
that we rely on V2N (vehicle to network) for what con-
cerns communication aspects between vehicles and platoon
manager, whilst we rely on edge servers (e.g., ETSI MEC
hosts) for what concerns the virtualization of the platooning
control algorithm, i.e., CACC [21]. The algorithm maintains
a practically constant inter-vehicular distance §, based on
the received position/speed/acceleration updates as far as the
network delay is below about 200 ms, as shown in [3].

A. A platoon in isolation

The single platoon controller can be implemented as de-
picted in Fig. 1. The architecture relies on vehicle’s equip-
ment, (broadband) cellular base stations and a MEC host. In
the vehicles, the on-board unit (OBU) acquires data from the
on-board sensors and sends it over the cellular RAN, from
which it also receives control instructions on how to adapt
the acceleration of the vehicle. Platoon’s vehicles do not need
to be under the coverage of a single base station and require
limited bandwidth, in the order of a few kbps per vehicle [3].

A dependency graph owned by a platoon manager VNF
determines which updates are needed in order to re-compute
and issue new instructions for each of the platoon’s members
separately. In the graph, nodes represent vehicles, and an
arrow from node a to b tells that the instructions computed
for vehicle a depends on data updates sent by vehicle b.

The edge-assisted approach eases the management of pla-
toons, and lowers the requirements on the OBU that is in
charge of interacting with an external manager but does not
need to run any control logic on its own. This is extremely
useful when the platoon manager needs to account not only
for its platoon, but also for the presence of other platoons
and, in general, other intelligent transportation systems.

B. Multi-platooning: a chain of platoons

We define a multi-platoon as a set of coordinated platoons
that form a chain of vehicles on a single road-lane. Fig. 2
shows a generic multi-platoon composed of three platoons.
Platoons are managed to maintain a target inter-platoon
distance A, and vehicles assume one of the following four
roles: (i) multi-platoon leader (red vehicle in Fig. 2), which is
to the leader of the first platoon; (i7) platoon leader (orange),
which is the first vehicle of any other platoon; (i) fail
(blue), the last vehicle of each platoon, or simply (iv) member
(black) in all other cases. The multi-platoon leader is the only
vehicle that does not need control instructions, while all other
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Fig. 3: PLATO’s control architecture

vehicles are subject to the instructions received from their
platoon managers, computed with the CACC control law.

For a specific vehicle, CACC computes the acceleration by
using the data of three vehicles: the vehicle itself, the vehicle
in front, and the platoon leader. Unlike in a single platoon
scenario where each vehicle looks at its platoon leader, the
computation of CACC for each multi-platoon vehicle is based
on the data of the multi-platoon leader. Thus, multi-platoon
leader data need to be forwarded to all platoon managers.
Besides, the computation of CACC for a platoon leader
requires data from the tail vehicle of the preceding platoon.
Hence, only the first and the last vehicle of each platoon are
involved in the multi-platoon CACC computation.

C. PLATO

Each platoon in the chain has a platoon manager VNF
on the MEC which is in charge of controlling the platoon.
In analogy with that, we propose multi-platoon control by
means of a dedicated multi-platoon manager VNF, which
enforces control and stability along the string of platoons
by simply exchanging control data and instructions on the
backhaul network with each platoon manager. The resulting
architecture, which we call PLATO, is depicted in Fig. 3.
Each platoon manager forwards the data updates of leading
and tail vehicles to the multi-platoon manager (coloured and
dashed arrows in the figure). Upon receiving data, the multi-
platoon manager identifies, by means of a dependency graph
(see Section III-D) the vehicles requiring new instructions.
For each of them, the multi-platoon manager computes the
control law and sends the instructions back to the platoon
manager in charge of controlling that vehicle (solid arrows
in the figure). As both the platoon and the multi-platoon
managers lie in the MEC layer, these communications occur
on the backhaul.

PLATO requires a proper assignment of computational and
networking resources to the multi-platoon manager VNF;
in addition, to avoid multi-platoon instability, the commu-
nication delay between multi-platoon and platoon managers
should not exceed critical values. The first point is partially
mitigated by observing that the multi-platoon manager is not
in charge of controlling all the vehicles of the multi-platoon.
In fact, the multi-platoon manager sees each platoon as a
single vehicle spanning from leader to tail. Therefore, for
each platoon, the multi-platoon manager receives at most two
updates from leader and tail, and sends one instruction within
an update period. As regards the impact of network delay
on multi-platoon control, it is critical that the interaction
between platoon managers and multi-platoon manager be
delayed as little as possible, since in PLATO the cross-

platoon info needed by CACC flows only through the multi-
platoon manager. In Section VI-B we will provide extensive
simulation results to evaluate the impact of latency.

D. PLATO’s dependency graph

With PLATO, vehicle dependencies are set according to
their role. Fig. 4 shows the dependency graph in a multi-
platoon. The multi-platoon manager monitors only leaders
and tails (orange circles) and controls only platoon leaders
(orange circles with a dot inside). There are three types
of edges in the graph, to distinguish CACC computations:
(i) a gray edge indicates that a platoon manager computes
CACC for the destination node as in a single platoon scenario;
(#4) a blue edge indicates that CACC is computed by the
platoon manager by using the data of the multi-platoon leader;
(#i1) a orange edge indicates that the control law is directly
computed by the multi-platoon manager. Within each platoon,
this graph topology maintains the same dependency structure
as for independent platoons, and relies on the multi-platoon
manager to connect platoon leaders to the multi-platoon
leader and their respective preceding tails.

IV. PLATO’S MANAGEMENT OVERHEAD

Controlling a multi-platoon with PLATO entails computa-
tion and communication overhead, both affected by the multi-
platoon composition.

The computation overhead is the sum of the overheads
of platoon and multi-platoon managers. Since the CACC
control law is computed each time a vehicle’s update reaches
a manager, the overhead per update cycle is the number of
edges in the dependency graph. Two edges depart from each
member immediately following a leader, and three from any
other vehicle except the multi-platoon leader (see Fig. 4),
hence there are (2N, + 3(N, — N, — 1)) = (3N, — N, — 3)
edges, where N, is the number of vehicles distributed over
N, chained platoons, and the overhead is the number of edges
multiplied by ¢,, which is the control update frequency.
Note that a single platoon of N, vehicles without PLATO
would incur an overhead of (3N, —4)¢,, [3]. Thus, PLATO’s
computational overhead with IV, = 1 is the same as for a
single platoon without PLATO. However, PLATO’s overhead
decreases with the number of chained platoons for a fixed
number of vehicles. Therefore, multi-platooning is computa-
tionally convenient with respect to normal platooning.

As regards communication, PLATO requires the exchange
of unicast messages through both RAN and backhaul net-
works. The number of messages sent by vehicles, in the time
unit is NV, ¢,,, regardless of PLATO. The number of messages
received in downlink corresponds to the number of edges
in the dependency graph, because each edge also represents
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TABLE I: Example of communication overhead breakdown

RAN uplink Backhaul RAN downlink
#msg Nydu (5Np — 3)pu (BNy — Np — 3)¢u
Composition #msg | Mb/s | #msg | Mb/s #msg Mb/s
N,=100, N,=1 1000 1.6 - - 2960 2.37
N,=100, N,=2 1000 1.6 70 0.14 2950 2.36
N,=100, N,=5 1000 1.6 220 0.45 2920 2.34
N,=100, N,=10 | 1000 1.6 470 0.97 2870 2.30
N,=100, N,=20 | 1000 1.6 970 2.01 2770 2.22

the flow of instructions that reaches the vehicle from which
the edge departs. Therefore, the expression computed for
the computational complexity also holds for RAN downlink
overhead, which means that PLATO with N, > 1 decreases
the load of the RAN in downlink, without affecting the uplink.

PLATO also uses the backhaul network for communication
between platoon managers and the multi-platoon manager.
It generates (5N, — 3)¢,, backhaul messages per time unit:
2Np¢, sent by platoon managers to forward leader and tail
updates to the multi-platoon manager, plus 3(N, — 1)@,
instructions sent by the multi-platoon manager to platoon
leaders (solid orange edges in Fig. 4). Although very limited,
the backhaul overhead is a drawback of PLATO, which makes
the overall communication overhead (in backhaul plus RAN)
linearly increase with IV,,.

Table I conveys an example of communication overhead
for a multi-platoon of 100 vehicles, and ¢, = 10 Hz
(value used in [3] and other works), under some possible
homogeneous configurations. The table also reports band-
width requirements, assuming that vehicle update messages
are 200-byte long, instructions take 100 bytes, while multi-
platoon instruction message size is 300 bytes (100 bytes
of instruction and 200 bytes of data from the multi-platoon
leader). Bandwidth requirements are extremely low, with at
most a fistful of Mb/s for the RAN uplink and downlink, and
much less for backhaul.

V. PERFORMANCE METRICS

In the (multi-)platooning scenario, a subset of the vehicles
traveling over a road must be arranged in a multi-platoon
configuration in the best possible way. To determine the
quality of the possible arrangements, we rely on a utility
function whose maximization shows how to optimally form
platoons.

A. PLATO’s utility function

To design a utility function for PLATO, we consider that
a platooning approach is normally justified by the following
objectives: (i) reduce fuel consumption, thanks to the drafting
effect generated by preceding and following vehicles on all
platoon members, and (i) increase road utilization efficiently
by packing a high number of vehicles per lane and per space
unit.

However, in addition to the overhead discussed in Sec-
tion IV, (multi-)platooning calls for attention to a number
of issues. First, the inter-platoon distance has to be chosen
as a function of safety, network requirements and latency
in the control architecture. Second, platoons might need to
be rearranged and re-optimized due to context modifications
(e.g., vehicles joining or leaving, or changing road con-
ditions). Third, the presence of platoons impacts on other
vehicles’ maneuvers, considering that vehicles may need
to cross a (multi-)platoon to exit a highway or reach a
gas station, or stop for an emergency, and long platoons
constitute an obstacle for such maneuvers (also consider the
possible existence of cross flows, e.g., at a roundabout or an
intersection/junction).

We structure the PLATO utility function U (t) at time ¢ in a
way that accounts for the goals and issues mentioned above.
We also consider that the utility function must account for
individual and global benefits, and must provide a fair share
of benefit to each vehicle, hence we use the function:

R(1) .
Ci(t) Ci(t) 11 U(va)>7 0]

i=1

U(t) = log (Cc(t)

where U (4,t) is the individual utility for vehicle ¢ at time ¢,
expressed as the inverse of the fuel cost C'f(i,t), i.e.:

U(i,t) = 1/C4(i, ). @)

The functions in (1)-(2) describe the following quantities.

1) R(t): is the metric that accounts for the road utiliza-
tion efficiency of the multi-platoon configuration. It can be
expressed as the ratio between the space occupied on the road
with no platooning and the one with platooning, including the
spacing between platoons that allows other vehicles to, e.g.,
reach an exit or a gas station. We can thus write:

R(t) = Lo/ Ly(t), 3)

where Ly is the road length occupied by N, vehicles of length
¢ in the case of no platooning, with average spacing dy > 9,
ie.

LO:Nv €+(Nv_1) 507 “

and L,(t) is the multi-platoon length at epoch ¢, i.e.:

Lp(t) :Nvf'i‘(Nv_Np(t)) 5+(Np(t>_1) A, )

and where N,(t) indicates the total number of platoons in
the multi-platoon at time ¢, and, as previously stated,  and
A indicate intra- and inter-platoon distances, respectively.



2) C.(t) > 1: is the computation cost of the multi-platoon
control, i.e., (3N, —N,(t)—3)¢, (see Section IV) normalized
to 2(N, — 1)¢,,, which is the computational overhead of the
Adaptive Cruise Control (ACC) algorithm [21] that could be
used at the MEC in absence of platooning, to control inter-
vehicle distances:

3N, — Np(t) —3
Celt) = 2(N, — 1)

3) Cy(t) > 1: is the transmission cost for RAN and
backhaul as described in Section IV, normalized to the
transmission cost in the case without platoons, i.e.:

(6)

~ Ny+ (3N, —N,(t)—3)+ (5N, (t)—3)
N 3N, — 2
A(Noy + Ny(t)) — 6

= 7
3N, — 2 ; )

where 3N, — 2 is the number of transmissions per update
cycle needed with ACC, resulting from the sum of N,
transmissions in uplink and 2(N, — 1) transmissions in
downlink.

4) C,(t) > 1: is the relative reconfiguration cost incurred
to switch to the single platoon configuration, taken as refer-
ence. This cost is due to the time Tjui, needed to close the
gap A — 0 at leader’s speed v at time ¢. We normalize Tjoin
to the time needed to travel the average distance S between
two consecutive re-configurations (e.g., the average distance
between successive highway exits), scale the result with the
number of platoons that have to act, i.e., N,(t) — 1, and we
add a term 1 to express the fact that the relative cost of a
single platoon, not requiring any reconfiguration, is 1, while
with N, (¢) > 1 the relative cost must be higher:

Toin (A — 6, v(t))
S/v(t)
The value of Tj,;, must be estimated, e.g., via simulation.
5) C¢(i,t) € (0,1): is the relative fuel consumption of
vehicle ¢ (considering its position within the multi-platoon
and the platoon), normalized to the fuel consumption that
would be incurred without the drag reduction brought in by
platooning.
According to [7] the fuel consumption of a vehicle at given
speed v can be expressed as

Cy(t)

Or(t) =

(Np(t) — 1)+ 1. ®)

F=Pcy/v=Rey/n, )

where P is the engine power that is required to contrast
the resistance encountered by a vehicle moving forward, cy
represents the specific fuel consumption of the vehicle, R is
the total resistance, and 7 is the transmission efficiency of
the engine. The two expressions in (9) hold because of the
relation P = R v/n. When a vehicle is travelling alone at
constant speed on a level road, the total resistance I has two
components, i.e., aerodynamic drag and rolling resistance:

1
R=§DoaAv2+ng, (10)

where Dy is the drag coefficient, « is the air density, A is the
cross-sectional area of the vehicle in the plane orthogonal to
the direction of motion, 7 is the rolling resistance coefficient,
M is the mass of the vehicle, and g is the gravity acceleration.
If a vehicle is travelling in a platoon, the drag coefficient

changes to D, < Dy. The actual value of D,, depends on the
position of the vehicle within the platoon and the inter-vehicle
distance. In [7], the ratio D,/Dy is reported as a function
of inter-vehicle distance and vehicle position. We use those
values to derive a function that provides the ratio between
the drag coefficient as a function of distance J and position
within the platoon ¢, namely 7,(d,¢) < 1. Therefore, the
ratio between the total resistance encountered by a vehicle in
a platoon and the resistance it would face if it were travelling
alone is

Pp (67 7’) =

%DoaAUQ%(&i)—i—ng -

1. 11
iDyaAvi+rMg an

With platooning, fuel consumption drops proportionally to
total resistance, with p,(d,¢). Thus, the fuel consumption
normalized to the case of no platoon is simply given by
Cy(i,t) = pp(d,i). In conclusion, we can express the
individual vehicle’s utility (2) as

Uty = L aDeadv+rMyg
’ %Doaszvp(é,i)—Fer

- (12)
Pp (67 Z)

which shows how the utility of vehicle ¢ vanishes at slow

speeds and is upper-bounded by the quantity 1/v,(4, ).

B. Constraints

The utility function (1) can be used to evaluate alternative
multi-platooning configurations under specific constraints.
Although optimization is out of the scope of this work, we
remark that constraints must account for safety and comfort
aspects, and for the presence of other vehicles. In what fol-
lows we express the mathematical form of the corresponding
constraints.

Safety and comfort affect the choice of the intra-platoon
spacing &, which is the target of CACC. The actual constraint
for vehicle ¢, except the multi-platoon leader, is expressed as

di(t) > (1— )8, Vt,Vi>2,

where d;(t) is the distance between vehicles ¢ — 1 and ¢ at
time ¢, and € < 1 is the margin of error for CACC.

In the case of long multi-platoons, the optimization also
requires imposing a constraint on the volume of traffic that
can maneuver in the presence of a multi-platoon. Maneuvers
are made possible by the N,,—1 inter-platoon spaces of length
A; thus, if B(t) is the density of traffic maneuvers that the
multi-platoon must yield, a simple constraint is formulated
as

k(N(1) — 1) A > (1),

k being the traffic-maneuver density per unit of inter-platoon
spacing. This imposes a non-trivial minimum on N),(¢).

VI. PERFORMANCE EVALUATION

To evaluate PLATO, we simulate a highway scenario with
a fleet of light duty vehicles. The multi-platoon leader follows
the predefined speed profile shown in Fig. 5 extracted from
the Floating Car Dataset! and pre-processed by applying a
moving average filter. The speed profile combines a wide
range of speed, from 65 to 125 km/h together with accel-
eration/deceleration maneuvers (see, e.g., Part A in Fig. 5).

I'TIM Big Data Challenge 2015: Floating-Car-Data-Milano



TABLE II: Simulation parameters

Vehicle and road parameters

Length (¢) 6 m
Mass (M) 3300 kg
Air drag coefficient (Dg) 0.4
Sectional area (A) 4 m?
Engine transmission efficiency (7)) 0.9

Rolling friction coefficient (r) 0.013 (car tyre on concrete)

Air density (c) 1.225 kg/m®
6=10m 0=15m
Leader: 0.92 0.96
Drag coefficient ratio (7yp (9, %)) %Ziﬁj 8;3 g;g
Multi-platoon configurations
Stability: 20

Number of vehicles (N,) Utility function: 50

Stability: 1,2,4,5
Utility function: 1, 2, 5, 10
Stability: 10 m
Utility function: 10, 15 m
Stability: 25 m
Utility function: 25, 50, 75, 100 m

Number of platoons (N)

Intra-platoon distance (8)

Inter-platoon distance (A)

No-platoon vehicle distance (d¢) 50 m

Average distance between consec- 10 km

utive re-configurations (S)

Update frequency (¢,,) 10 Hz
Network latency

Distribution family for Lognormal

uplink/downlink RTT
E[RTTran] (vehicle to VNF of
its platoon mng.)

Distribution family for VNF-to-
VNF RTT

E[RTTgH] (platoon mng. VNF
to multi-platoon mng. VNF)

(with unit standard deviation)
Stability: 30, 40, 70, 120, 220 ms
Utility function: 70 ms
Uniform

Stability: 10, 20, 40, 60, 120 ms
Utility function: 10 ms

Besides, we simulate realistic vehicle dynamics using the ap-
proach presented in [22] which takes into account mechanical
and aerodynamic characteristics, achievable acceleration at
given speed, and inertia of the vehicle. In the upper part of
Table II, we report the main parameters of the Fiat Ducato?
vehicle we used for our simulations.

We model the RAN delay as a random variable, and assume
symmetric channels. In particular, we model the uplink and
the downlink delays as lognormal random variables with unit
standard deviation (of the natural logarithm of the variable)
and expected value varying from 15 to 110 ms, which results
in an average round-trip time E[RTTran] from 30 to 220
ms in the RAN. In the case of VNF-to-VNF communica-
tions over the backhaul between platoon and multi-platoon
managers, we use a uniform distribution of latency, and we
consider E[RTTgy]| values from 10 up to 120 ms. These
values allow us to simulate multiple deployment settings.
The lowest values of uplink/downlink delay correspond to the
deployment of platoon manager VNFs on the edge, whereas
the highest delays indicate unrealistically high edge distances,
which could be interpreted as potential cloud deployments.
As for the VNF-to-VNF communication latency, short values
mean that both VNFs are deployed in proximity, e.g., on
the same MEC host, while high values indicate that VNFs
are instantiated on far MEC hosts or that the multi-platoon
manager runs in the cloud.

We present results for two sets of simulations, whose
parameters are reported in Table II. The first set is labeled
as stability in the table, and is meant to investigate the
string stability with PLATO, and the intra-vehicle distance
error according to different RTT values and multi-platoon
compositions. In there, we simulate 20 vehicles considering
only multi-platoon configurations with the same number of
vehicles per platoon. The second set of simulations (labeled

2Vehicle specifications taken from https://www.cars-data.com/
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Fig. 5: Multi-platoon leader speed profile

as utility function in Table II) is meant to analyze the values
of our proposed utility function. For this case, we consider 50
vehicles, and we vary, beside the multi-platoon composition,
also the values of § and A. For each simulation scenario, we
perform at least 20 runs.

The value of dg shown in Table II is 50 m, which is in
line with the 2-second safety rule at the average speed of
about 90 km/h, which is not far from the average speed in
our simulations.®> For platooning, we use § € {10,15} m,
which means that our platooning simulations adopt a safety
distance 3 to 5 times lower than what can be achieved by
relying on human control only.

A. Simulations setup

The computation of our utility function requires to estimate
Tioin(A — 6,v(t)), which is the time needed by a platoon
leader to catch up with the immediately preceding platoon.
Tioin depends on how CACC operates and on the vehicle
characteristics. As the analytical modelling of CACC opera-
tions during a join event is outside the scope of this paper,
we opted for ad-hoc platooning simulations to empirically
characterize Tjq;,, with the speed profile of Fig. 5, the vehicle
characteristics of Table II, and different combinations of § and
A. Simulations show that Tj.i, slightly depends on speed,
which remains under the top speed of the vehicle, while it
is strongly affected by the gap to close up. We empirically
obtained values between 25 and 35 seconds, which have been
used to compute the reconfiguration cost C.

In line with the experiments presented in [11], the drag
coefficient ratio 7,(d,4) was computed for three vehicle
positions in a platoon, leader (i = 1), middle (1 <1 < N,),
and trailer (1= N,), as reported in Table II. The value of the
middle vehicle is then applied to all internal platoon positions.

B. Mutiplatoon stability

To evaluate the string stability of different multi-platoon
configurations we plot the 95th percentile of the absolute error
seen by each vehicle, with respect to the target §. We have
simulated several configurations, obtaining similar qualitative
results. Here it suffices to show an example with 20 vehicles,
and the parameters shown in Table II under the label Stability.

Fig. 6a and Fig. 6b depict two extreme scenarios for
the RAN RTT, i.e., 30 and 220 ms, respectively, when the
backhaul RTT is low (10 ms, on average). We can observe
a general stable behavior with error values monotonically
decreasing, except in a few cases, and by small amounts, and
the number of platoons has barely an impact. The negligible
difference between the two figures is due to the high inertia
of the simulated vehicles, whose actuation delays are larger
that those of ideal vehicles: so, if all messages suffer similar

3The 2-second rule, typically taught at driving schools, suggests to take
as safety margin the distance covered by the vehicle in 2 seconds.
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Fig. 6: CACC error in PLATO under different latency condi-
tions. Latency increases in the RAN (uplink plus downlink)
are much less critical than in the backhaul (VNF to VNF).

delays, the multi-platoon remains practically stable (in line
with our previous results on isolated platoons [3]).

Fig. 6c¢ tells a different story. In fact, when the backhaul
RTT becomes comparable to the one seen with a VNF
running in the cloud (120 ms), even if the RAN RTT is low
(30 ms), the multi-platoon visibly exhibits a lower stability.
In particular, the second vehicle in each platoon, except in
the leading platoon, experiences more error than its platoon
leader. This is clearly visible for N, = 4 (e.g., on vehicles
7 and 12) and N, = 5 (e.g., on vehicles 6 and 10). The
reason for instability lays in the different levels of freshness
of the data used for CACC. In fact, the additional 120 ms
latency of the backhaul is suffered only by data flowing
through the multi-platoon manager, and is longer than the
update cycle length 1/¢, = 100 ms. This causes high
incoherence in the virtual representation of the multi-platoon
state built by each platoon manager upon receiving stale data
from the multi-platoon manager. This result suggests that
combining cloud and edge deployments, or using MEC hosts
with highly different RTT, is not a wise solution to manage
multi-platoons.

In all cases, the error is below 1 m, which means that
PLATO makes a good job, although it is not strictly string
stable. Indeed, all the considered configurations satisfy the
safety constraint with € < 0.1 when ¢ = 10 m.

C. Evaluation of utility function

We break the utility function into its components described
in Section V and show their log value in Fig. 7. Positive
values are gains (road efficiency and fuel consumption re-
duction, summed over all vehicles), while negative values
are costs (for computation, transmission and reconfiguration).
The figure reports averages over time for each component and
for the resulting utility, with different combinations of IV, 9,
and A.

Fig. 7 makes clear that fuel saving benefits from small
values of ¢, and is practically insensitive to other parameters.
In contrast, the road utilization component is sensitive to
the multi-platoon configuration, and its contribution is highly
reduced when the multi-platoon is fragmented in a large
number of platoons (see, e.g., N, = 10).

The computation cost slightly decreases as a function of the
number of platoons, while the transmission cost increases. In
particular, the transmission cost with 10 platoons is twice as
much as for a single large platoon, as a result of the backhaul
communication overhead. These results are in line with the
PLATO management overheads discussed in Section IV. The
reconfiguration cost strongly penalizes configurations with
more platoons, because the more the platoons the higher the
number of vehicles that need to close the gap A — ¢ (see (8)).

As clear from Fig. 7, the benefits of platooning are much
higher than its costs, no matter which configuration is used.
Indeed, the utility is always positive, and the smaller § the
better, as also shown in the heatmaps of Fig. 8 for a wide
range of configurations. This suggests that the multi-platoon
should be compacted as much as possible, which is mostly
due to the relevance of the road efficiency component in
the utility. Thus, in the presence of extra-platoon vehicular
traffic, the rule of thumb is to keep the values of NV, and ¢
as small as possible, while meeting the constraints on safety
and maneuvers of other vehicles described in Section V-B.

The last aspect we analyze is the change of contribution
to the utility function of the different components over
time, when no reconfiguration occurs. Fig. 9 shows fuel and
reconfiguration cost components, since nothing else changes
by only varying the speed of the multi-platoon leader. In
the figure, we only refer to Part A of Fig. 5, where speed
changes are more pronounced. We can observe that fuel
saving goes with speed variations, being it very small while
decelerating and following the acceleration curve otherwise.
The reconfiguration cost is less variable and follows the shape
of the speed, because so does Tjui, due to non-ideal engine
limits. The dependency on speed is more evident in case
of large numbers of platoons, because more vehicles are
involved in reconfiguration maneuvers.

VII. CONCLUSIONS

We have presented PLATO, the first edge-assisted control
architecture for chains of platoons. Thanks to a detailed
simulator and to the analysis of its costs and benefits, we
have shown that: (i) PLATO scales well for what concerns
communication and computation overheads; (i) surprisingly,
edge-assisted control is possible under a wide range of
network conditions, but it is critical to maintain the coherency
of managers’ instructions by keeping short delays between
platoon and multi-platoon managers (up to a few tens of
milliseconds), while vehicle to manager latency plays a minor
role (at least below 250 ms); (4i¢) compact multi-platoons
are convenient in terms of global and individual costs, and
(iv) compactness is limited by safety and maneuvering con-
straints.

Our utility function is only a first attempt to model the
utility of platooning in a comprehensive way. Other utility
functions might be developed starting from ours, e.g., by
modifying the importance of each component with an expo-
nent factor or expressing all costs and benefits in monetary
terms or according to a metric that expresses a societal
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Fig. 9: Utility components over time (Part A of Fig. 5)

value (e.g., pollution, human stress level, etc.). In addition,
since platooning lowers driver fatigue—because human inter-
ventions are required only to react to system anomalies—a
specific metric for the evaluation of driving fatigue could be
integrated in the utility function, which we leave for future
work.
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