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Abstract—Truck platooning is a well-studied technology that has the potential to reduce both the environ-
mental impact and operational costs of trucks. The technology has matured over the last 20 years, and the
commercial rollout of platooning is approaching. Cooperation across carriers is essential for the viability
of platooning; otherwise, many platooning opportunities are lost. We first present a cross-carrier platoon-
ing system architecture in which many carriers cooperate in forming platoons through a platoon-hailing
service. Then, we present a cross-carrier platoon coordination approach in which each carrier optimizes
its platooning plans according to the predicted plans of other carriers. A profit-sharing mechanism to even
out the platooning profit in each platoon is embedded in the platoon coordination approach. Finally, a
simulation study over the Swedish road network is performed to evaluate the potential of platooning under
realistic conditions. The simulation study shows that the energy consumption of trucks in Sweden can be
reduced by 5.4% due to platooning and that cooperation across carriers is essential to achieve significant
platooning benefits.
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latooning is when a group of trucks drives in a string

formation on the road with small distances in be-

tween the trucks, as shown in Figure 1. Platooning

reduces the environmental impact of trucks by im-
proving the aerodynamics, especially for the follower
trucks. The authors of [1], [2], [3], [4], and [5] demonstrated
reduced energy consumption of follower trucks by around
10%. Moreover, the enabling automation technologies for
platooning reduce the maneuvering of drivers, which sig-
nificantly reduces the operational cost of trucks if drivers
can perform other duties while in platoons or if some driv-
ers can be removed. Other potential benefits of platooning
are safer driving, increased road capacity, and reduced
congestion. These benefits were studied by the authors of
[6], [7], and [8]. Business opportunities for platooning have
been investigated in [9], [10], [11], [12], [13].

Trucks need in-platoon coordination for cohesive,
safe, and efficient platoon driving. The in-platoon coor-
dination includes deciding reference speeds, accelera-
tions, and intervehicular distances of platooning trucks.
In-platoon coordination was studied in, for example, [14],
[15], and [16]. Trucks also need coordination on a higher
level to form platoons considering different routes and
schedules. The high-level coordination includes match-
ing trucks that will form platoons based on their routes
and time schedules and deciding how the platoons will
form. Platoons can form on roads by trucks slightly
speeding up or slowing down. Due to the speed adjust-
ments, on-road platoon formation may disturb or be dis-
turbed by surrounding traffic. An alternative to on-road
platoon formation is to form platoons at places along
roads where trucks can wait for others and depart in the
form of platoons. Such places where platoons can form
along roads are called hubs and can be, for example, gas
stations, charging stations, resting areas, and freight
terminals. The coordination approach presented in this
article is designed for platoon formation at hubs. Over-
views of platoon coordination strategies were provided
in [17] and [18].

The main focus of this article is platoon cooperation
and high-level coordination across carriers. This is chal-
lenging because carriers have different objectives, are
unwilling to share route and time schedules directly with
other carriers, and are unwilling to leave control of their
trucks to a third-party coordinator. The main contribution
of this article is a cross-carrier platooning system that
takes the challenges mentioned regarding cross-carrier
platoon cooperation into account. First, we give an over-
view of research targeting high-level platoon coordination
as well as an overview of experimental research projects
on platooning. We then describe the layered structure of
the platooning system and propose a functional system
architecture of a platoon-hailing service that enables pla-
toon cooperation across carriers by storing platooning
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plans of trucks and providing feasible platoons for trucks
to join. Then, a coordination approach for hub-based
platoon formation is presented where carriers make pla-
tooning decisions based on information from the platoon-
hailing service.

The material presented in this article is based on our
contributions to the research projects Sweden4Platoon-
ing and ENSEMBLE, which involved truck manufac-
tures, suppliers of automotive equipment and technology,
and academic partners. The Sweden4Platooning clos-
ing conference homepage, with links to presentations,
is available at https://sites.google.com/view/s4pcc. The
ENSEMBLE homepage, with links to deliverables and
project information, is available at https://platooning
ensemble.eu/.)

This article is organized as follows. A review of works
on high-level platoon coordination and a brief overview of
research projects on platooning is provided in the “Relat-
ed Work” section. The “Cross-Carrier Platooning System”
section presents the layered structure of the platooning
system and our proposed cross-carrier platooning system
architecture. The “Cross-Carrier Coordination Method”
section gives the approach for coordinating platoon forma-
tion based on information from the platoon-hailing ser-
vice. Results from a simulation study over the Swedish road
network are presented in the “Simulation Study” section,
and the article is concluded in the “Conclusions and Future
Work” section.

Related Work

High-level platoon coordination has been studied in the
literature quite extensively recently, and multiple experi-
mental research projects on platooning have been conduct-
ed over the years.

FIG 1 A multibrand platooning demonstration in the ENSEMBLE project.
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Review of High-Level Platoon Coordination

Coordination of on-road platoon formation where platoons
form by adjusting the speeds of trucks was studied by, for
example, in [19], [20], [21], and [22]. These works have dif-
ferent assumptions regarding their system models and
complexity. However, they have in common that a platoon
coordinator, having full access to routes and schedules,
controls all trucks in the system and aims to maximize the
overall profit. These assumptions may be unrealistic when
multiple carriers are involved in the system.

This article focuses on platoon formation at hubs, where
trucks can wait for others. Coordination of hub-based pla-
toon formation was studied, for example, by the authors in
[12], [23], [24], [25], [26], [27], [28], [29], and [30]. The ma-
jority of the work on hub-bhased platoon formation also as-
sumes that a coordinator controls all trucks in the system,
has access to their time schedules and routes, and aims to
optimize the overall platooning profit in the system.

The authors of [27] proposed a cross-carrier platoon co-
operation platform for when platooning is used as a transfer
mode between a port and an industrial area. The platform
decides the transportation schedules and service fees to
minimize costs. Based on the platform’s decisions, the car-
riers decide whether to use the platooning mode for their
transportation tasks. The strategic interaction between the
platform and the carriers is modeled as a two-level Stack-
elberg competition where the platform is the leader, and
the carriers are the followers. In this work, we also con-
sider cross-carrier platoon cooperation but develop a coor-
dination method for when trucks have arbitrary routes in
a network of hubs and carriers do not leave the scheduling
of trucks to a third-party coordinator. We believe that con-
sidering Stackelberg competition among carriers in such
a scenario would come with a high computational load, as
it would require backward induction in a multistep game
with as many steps as carriers.

The authors of [31] studied platoon coordination on a
single road segment when trucks have individual prefer-
ences and trucks with the same speeds were assumed to
form a platoon. The authors proposed a solution to maxi-
mize the total profit of all trucks. A profit-sharing mecha-
nism was also proposed to incentivize trucks to accept the
solution in a coalition game framework. Profit allocations
based on coalition game concepts often have a high com-
putational load. We believe coalition game concepts would
imply a high computational load, even for the cross-carrier
platoon coordination problem in a network of hubs. It is
worth noting that the literature on collaborative trans-
portation without platooning is extensive. Many of these
works explore coalition game solutions for cooperation and
profit sharing; see, for example, [32]. Other works consid-
er auction-based methods that facilitate cooperation; see,
for example, [33] and [34]. Profit sharing for collaborative
transportation was reviewed in [35].
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Hub-based coordination methods also explicitly ad-
dressing platoon cooperation across carriers were devel-
oped for the Sweden4Platooning, and ENSEMBLE projects
[12], [28], [29], [30]. The authors of [29] assume that each
truck controls its departure times from hubs and aims to
maximize its individual platooning profit. The strategic
interaction among trucks is modeled as a noncooperative
game, and Nash equilibrium is considered the solution
concept. This approach also comes with a high computa-
tional load due to the many iterations required for finding
equilibrium when the trucks are many. The work of [28]
proposes a Pareto-improving cross-carrier coordination
solution, where each carrier is guaranteed to increase its
profit by cooperation compared to when only forming pla-
toons within its fleet. This approach requires the carriers
to leave control of their trucks to a third-party coordinator.

The works of [12] and [30] consider a noncooperative
scenario, where each truck aims to maximize the profit
of its carrier. Instead of using game theoretic concepts for
coordination and profit sharing, which often come with a
high computational load, the departure times of trucks are
computed based on the predicted departure times of others
in a decoupled manner. The profit of each formed platoon
is shared evenly among the trucks, and the proposed prof-
it-sharing scheme falls into the class of proportional profit-
sharing schemes discussed in [35]. In this way, trucks with
individual preferences can cooperate efficiently in forming
platoons without leaving the control of trucks to a third-
party platoon coordinator. The loss of not considering
game theoretic concepts for coordination and profit shar-
ing is that collaboration incentives, stability of solutions,
rationality, etc. are hard to analyze quantitatively.

The platoon coordination approach used in [12] and [30]
inspired the coordinated system proposed in this article.
The profit-sharing mechanism used in this article is in-
spired by one of the profit-sharing schemes developed in
[36]. Other works developed under the ENSEMBLE project,
but not presented in this article, regarding platoon coordi-
nation and business uptake of platooning are presented in
[37] and [38], respectively.

Brief Overview of Research Projects on Platooning

Truck platooning has been studied and demonstrated by
academic and industrial actors in various research projects
since the early 2000s. The first projects studying truck pla-
tooning include PATH [1] in the United States, the Japanese
Intelligent Transportation Systems project [39], and the
European project CHAUFFEUR [40] as well as, in the late
2000s, the projects KONVOI [41] and SARTRE [42]. These
projects focused on developing architectures and control
schemes for safe and efficient platoon driving. In the early
2010s, the COMPANION project [43] and European Truck
Platooning Challenge [44] were launched. COMPAN-
ION broadened the platooning research by including the
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high-level coordination of platoon formation in its scope.
The European Truck Platooning Challenge project
demonstrated platooning across horders, and the truck
manufacturers DAF, Daimler, IVECO, MAN, Scania, and
Volvo separately developed and demonstrated platoon
functionalities.

The projects Sweden4Platooning [45] and ENSEMBLE
[46] were launched in the late 2010s. Sweden4Platooning
demonstrated platooning with Volvo and Scania trucks and
became the first to develop multibrand platooning func-
tionality, i.e., platooning with trucks of different brands.
In the ENSEMBLE project, multibrand functionality was
jointly developed by the seven truck manufacturers: DAF,
Daimler, IVECO, MAN, Scania, Volvo, and Renault. Besides
demonstrating multibrand platooning, Sweden4Platooning
and ENSEMBLE have studied coordination for forming pla-
toons, especially for trucks owned by competing carriers
with self-interests. This article presents a cooperative pla-
tooning system, developed under the Sweden4Platooning
and ENSEMBLE projects, where multiple carriers cooper-
ate to form cross-carrier platoons.

Cross-Carrier Platooning System

The platooning system includes both on- and offboard sys-
tems. The layered structure of the platooning system and
the functional system architecture of the platoon-hailing
service through which carriers can cooperate in forming
platoons are presented. Finally, we also describe the de-
cision-making procedure triggered when a truck arrives
at a hub.

Layered Structure of the Platooning System

The platooning system consists of layers needed to inte-
grate platooning technology into today’s transportation
system, form platoons seamlessly, and maintain safe and
efficient platoon driving. The layered structure shown in
Figure 2 was developed in the ENSEMBLE project and
shows the primary function of each layer. The layers are
categorized as the service, strategic, tactical, and opera-
tional layers, where the former two layers are offboard sys-
tems, and the latter two layers are onhoard systems.

The tactical and operational layers are the systems
needed for safe and efficient platoon driving. Trucks in
platoons communicate through vehicle-to-vehicle com-
munication. The tactical layer includes the in-platoon co-
ordination to maintain platoon cohesion and perform safe
maneuvers, such as opening up intervehicular gaps when
trucks join or leave platoons. The outputs from the tacti-
cal layer passed on to the local controllers of trucks are
reference accelerations, speeds, and intervehicular dis-
tances. The operational layer includes the local control of
individual trucks. In today’s platooning technology, the lo-
cal control includes longitudinal control to track the refer-
ence signals from the tactical layer, and future platooning
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technology with a higher degree of automation will also
include latitudinal control.

The service and strategic layers are the systems needed
for trucks with different routes and schedules to form pla-
toons, integrate platooning into the transportation system,
and enable carrier cooperation. The strategic and service
layers communicate through cellular communication,
long-distance communication, and cloud services. The
strategic and tactical layers communicate through so-
called infrastructure-to-vehicle and vehicle-to-everything
communications. The strategic layer includes the high-
level coordination of platoons, and its primary function
is to match trucks into platoons based on their routes and
mission constraints. The strategic layer also computes
how platoons will form, for example, by syncing departure
times at hubs or adjusting speed profiles on roads.

The service layer includes services that provide the
high-level platoon coordination in the strategic layer with
inputs and constraints. For example, carrier services pro-
vide the high-level coordination with routes and mission
constraints used to match trucks into platoons. Other

Service Layer

| Platoon-Hailing Service |

| Carrier Services |

| Data Services | K

\I Authority Services |

Strategic Layer

High-Level
Coordination

Offboard _ _ _ _ _ _ _ K
Onboard v
Tactical Layer
In-Platoon /M"' o Mg
Coordination S

Operational Layer

On-Truck Control e R
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FIG 2 The layered structure of the platooning system.
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services useful for high-level coordination are data ser-
vices, such as travel time and weather predictions, and
authorities services, providing traffic management inputs
and platooning restrictions. The service layer in Figure
2 also includes a platoon-hailing service that stores pla-
tooning plans and informs which platoons are feasible for
trucks to join.

The Sweden4Platooning and ENSEMBLE projects have
targeted both on- and offboard functionalities. The de-
veloped onboard functionalities in the ENSEMBLE proj-
ect were demonstrated in real-traffic conditions [47],
as shown in Figure 1. Details on the developed onboard
functionalities are reported in [48]. The projects have
also contributed to researching the offboard function-
alities, especially when different carriers participate in
the platooning system. The report in [37] discussed es-
sential services and potential issues related to multibrand
and multicarrier platooning, and information sharing
and heterogeneous return of investments were identi-
fied as the main challenges. The work of [36] proposed
profit-sharing mechanisms to distribute the profits with-
in platoons. The works [12], [28], [29], and [30] developed
cross-carrier platoon coordination methods. This article
presents a coordinated system, developed in the Sweden-
4Platooning and ENSEMBLE projects, where different
carriers cooperate.

Platoon-Hailing Service _HE

=

Functional System Architecture of a Platoon-Hailing Service
We consider a platooning system where carriers cooper-
ate in forming platoons, but each carrier keeps control of
its truck fleet. Each carrier employs a carrier-specific co-
ordinator with access to routes and timing constraints of
the carrier’s trucks and aims to optimize their platooning
plans. We consider a system where carriers enumerated
one to Fparticipate. We call the carrier-specific coordina-
tor of carrier fas coordinator f.

Cooperation across carriers is enabled by a platoon-
hailing service, which stores the platooning plans of trucks
and informs the carrier-specific coordinators which pla-
toons their trucks can join along their routes. The func-
tional system architecture of the platoon-hailing service is
shown in Figure 3. The input to coordinator ffrom carrier
/s module is the routes and timing constraints of trucks
from carrier f; and the input from the platoon-hailing
service is the platooning plans of other carriers that are
stored in the platooning plan database. Coordinator fuses
this information to optimize the platooning plans of car-
rier f’s trucks. The optimized platooning plans are then
reported back to the platooning plan database for other
carrier-specific coordinators to use when making platoon-
ing decisions.

We consider the case when platoons form at hubs where
trucks can wait for others, and a group of trucks forms a pla-
toon when they depart from a hub
and enter the road simultaneously.
Thus, the platooning plans of trucks
consist of departure times from hubs.
As already mentioned, two general
challenges with cross-carrier platoon
cooperation are that each carrieris in-

&)

Platooning Plan Database

> Carrier f’s Module

terested in maximizing its own profit
and may be unwilling to leave the
scheduling of its trucks to a third-par-

Extracted Platooning Plans

Updated Platooning Plans
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ty coordinator. Our proposed mecha-
nism overcomes these challenges by
each carrier employing a carrier-spe-

cific coordinator to maximize the car-
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(

rier’s profit under the premise that the
profit of each formed platoon is shared

Compute Feasible Platoons |«

’
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'

evenly among trucks.

Decision-Making Procedure
The decision-making procedure of
the platooning system is illustrated

Optimize Platooning Plan

Carrier f’s Optimized
Platooning Plans

in Figure 4. The decision-making
procedure of a carrier-specific coor-
dinator is triggered when one of its
trucks arrives at a hub. The carrier-

H specific coordinator then requests

FIG 3 The functional system architecture of the platoon-hailing service.
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the platooning plans of other trucks
along the route of the arrived truck
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from the platoon-hailing service. The carrier-specific co-
ordinator decides which platoons the arrived truck will
join based on the truck’s route, timing constraints, and pla-
tooning plans of others. The arrived truck will depart at the
decided departure time at the current hub, and the platoon-
hailing service is informed about the decided departure at
the hubs of the arrived truck. We assume that trucks and
already formed platoons stop at every hub on their routes.
When a platoon arrives at a hub, the carrier-specific coor-
dinator of each truck decides whether to continue with the
same platoon, form a new platoon with others, or depart
alone.

Cross-Carrier Coordination Method

We present the method used by each carrier-specific coor-
dinator to compute the platoons that one of its trucks will
join when it triggers decision making. We start by giving
necessary notations regarding trucks and carriers con-
nected to the system as well as information stored and
shared by the platoon-hailing service. Then, we present a
model of how the departure times at hubs are controlled
by the waiting times at hubs, and we give the platooning
reward function in which a profit-sharing mechanism that
evens out the platooning profit in each platoon is embed-
ded. Finally, we present the optimization problem that
each carrier-specific coordinator aims to solve when one
of its trucks triggers decision making.

Carriers and Trucks Connected to the System

Multiple carriers with truck fleets are connected to the pla-
tooning system. The index set of trucks is N ={1,...,N},
and the index set of trucks from carrier fis F, € N. Each
truck belongs to precisely one of the carriers enumerated
1 to F, and carrier f’s coordinator is called coordinator £
The trucks have routes in a region including a network of
hubs and road segments connecting the hubs. The set of
hubs in the region is V, and the set of road segments is
&, where each road segment is directed and connects two
hubs. The route of each truck i € N is a sequence of road
segments and is denoted P’ C £. The kth road segment in
the route of truck i is e} € P'. The predicted time of truck i
to depart from a hub and enter road segment e}, is 7.

Information Shared by the Platoon-Hailing Service

The platoon-hailing service stores platooning plans in the
form of predicted departure times at hubs of trucks con-
nected to the service. For each road segment in the region
over which the platoon-hailing service operates, the pla-
toon-hailing service stores the predicted departure times
of trucks that will depart from a hub and enter the road
segment. The set of stored departure times at road segment
ee & is D.. The elements of D, are repeatedly updated
when the carrier-specific coordinators update the predict-
ed departure times of trucks.
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FIG 4 The decision-making procedure. (a) A truck arrives at a hub and
the decision-making procedure is triggered. (b) The carrier-specific
coordinator of the arrived truck receives the departure times of other
trucks at the hubs along the arrived truck’s remaining route from the
platoon-hailing service. (c) The carrier-specific coordinator computes the
optimal platoons for the truck to join and informs the platoon-hailing
service about the decision. (d) The truck departs with its platooning
partners at the computed departure time.
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The platoon-hailing service shares platooning plans
when decision making is triggered, as illustrated in Figure
4. Assume truck i from carrier f, that is, i € F, arrives at
its £th hub. Then, as illustrated in Figure 4(b), coordinator
JSreceives the predicted departure times of other trucks at
the hubs along the remaining route of truck i, that is, the
road segments e}, ...,e/p,. The predicted departure times
of others are given in the form of the functions N/ (¢) and
Mf(t) for I=k,...,|Pi|. The function N‘f(t) is the number
of trucks from carrier f predicted to enter road segment e/
at time £, and the function N,’ () is the number of trucks
from other carriers that are predicted to enter road seg-
ment e} at time ¢. The functions N/ (£) and N,” () are ob-
tained by the platoon-hailing service by D, for e = e..

Waiting and Departure Times

A platoon is formed when a group of trucks departs from a
hub and enters a road segment simultaneously. Thus, the
platoons a truck will join are determined by its departure
times at the hubs along its route, which are controlled by
its waiting times. Assume truck i € F, arrives at its kth
hub; then, its waiting times at the remaining hubs are
Wi,...,wp, and the departure times are iJ,..., 4. More-
over, assume the arrival time at the £th hub is 7°; then, the
departure time at the kth hub is computed as , = T° + wf},
and the departure times at the other hubs are computed as

t;+1 = ﬁ‘*‘ T;. + w£+1

for [ =k,...,| P:|—1, where 7} is the travel time on the /th
road segment.

The trucks are constrained to arrive at their destination
before a deadline. The deadline of truck i is #’, and, there-
fore, we require t/p,+ 7/, < #'. We also assume a cost for
waiting due, for example, to overtime for drivers or the risk
of being delayed. The cost of waiting for truck i at its /th
hub is A, (w}).

Platooning Reward and Profit Sharing

The platooning benefit differs between platoon members
and is typically higher for the follower trucks than for the
lead truck, for example, if the reduced energy consumption
or reduced workload are considered platooning henefits.
Profit sharing is therefore needed for different carriers to
cooperate in forming platoons. We propose a simple profit-
sharing mechanism where compensations even out the
platooning profits. This profit-sharing mechanism falls
into the class of proportional profit-sharing methods dis-
cussed in [35].

The total platooning profit of a platoon in our model is a
function of the number of platoon members. This is accu-
rate if the platooning benefit only depends on the platoon
length and is independent of the platoon members’ types,
brands, freight, and other individual characteristics. The
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platooning benefit at a road segment with index k& of a truck
driving in a platoon at position j in a platoon of » members,
counted from the lead truck to the last truck, is denoted as
bk (n, j). The total platooning benefit of the platoon is

bi(n) = ébk(n, 7

and, typically, bx(n) =0 for n <2, and bx(n, j) =0 oth-
erwise.

The average platooning benefit in the platoon is
br(n) = br(n)/n for n >0, which is the profit of each
truck; after that, the profit is evened out by compensations.
The compensation that the truck at position j either sends
or receives is cx(n, j). More precisely, cx(n, j) is positive if
the truck at position j receives compensation and is other-
wise negative. The compensation of the truck at position j
is computed by

br(n) = bi(n, j) + ck(n, j) = cx(n, j) = br(n) — br(n, j).

Given this profit-sharing mechanism, the platooning
profit for carrier f of a platoon including n’ trucks from
carrier fand n™ trucks from other carriers is

Ri(n’,n”y=n"br(n” +n)

for n/ + n” >0, and Rx(0,0) = 0. The incremental profit
of carrier fif one more truck from carrier fis joining the
platoon is

ARy (n’,n”)y ="+ 1)br(n)(n/ +1+n7)
—n’bi(n)(n” +n7).

In the simulation study later, the platooning benefit is
considered the monetary savings due to reduced energy
consumption. However, our platooning reward model
can capture any other quantifiable benefits, such as the
reduced workload of drivers. Next, we formulate the op-
timization problem where carrier-specific coordinators
maximize the incremental profit by deciding which pla-
toons their trucks will join along their routes under the
premise that the profit of each platoon is shared equally.
The compensations will not explicitly be part of the opti-
mization problem, as the objective function captures the
average profit of platoon members. In practice, the average
profit can be achieved by the compensations after platoons
are formed.

Optimization Problem

Assume truck i € F; arrives at its kth hub at time ¢*. Then,
coordinator f computes the optimal waiting and depar-
ture times at the hubs along the remaining route of truck i,
which includes its road segments indexed k to |P’|. The
optimization problem of coordinator fis
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wi, Elkz,i.?(,lﬂl E::ARI (S{, S;f) _Al(w;) (13)
s.L. =1 +wi (1b)
i =+ Ti+ Wi, L=k,...,|Pi|—-1 (o)
tip +Tip < T (1d)
wi=0,1=k,..,|Pi (le)
S =N @), l=k,...,| P (1)
S =N/}, I=k,...,| P (1g)

The objective function in (1a) includes the incremen-
tal platooning profit and waiting cost over the remaining
route of truck i. The constraints (1b) and (1c) determine
how the departure times at hubs are affected by the wait-
ing times at hubs. The constraint (1d) restricts the arrival
time at the destination-to-be before the deadline. The con-
straint (le) restricts the waiting times to be positive. The
constraints (1) and (1g) determine the number of trucks
that truck i is predicted to platoon with over its remain-
ing route from its carrier f and of other carriers, respec-
tively. Note that the platooning partners are determined by
the departure times from hubs. The functions N/ (£) and
Mf(t) for [=k,...,|P:i| are obtained from the platoon-
hailing service.

The optimal waiting times are denoted ) for
l=Fk,...,|Pi|, and the corresponding departure times are
denoted # for I =Fk,...,|P:|. Truck i will depart from its
kth hub at time Z, and the departure times at the other
hubs on its route are updated once it arrives at its next hub.
The computed departure times are communicated to the
platoon-hailing service and used as predicted departure
times by others when they make platooning decisions. The
optimization problem in (1) is solved by a dynamic pro-
gramming technique where there is one decision step for
each hub. The state at each decision step is the arrival time,
and the decision is the waiting time. The waiting time at
each decision step is either zero or another feasible waiting
time such that the truck joins a platoon. A comprehensive
review of dynamic programming was given in [49].

Simulation Study

We investigate the potential of cross-carrier platooning
and study platooning patterns in the Swedish road net-
work. We give the setup of the simulation study before giv-
ing the results.

Setup

Many inputs to the simulation study are outputs from the
national freight model in Sweden, called Samgods [50].
The Samgods model is a tool that public authorities use to
analyze and predict the modal split and geographic distri-
bution of freight transportation flows in Sweden. The input
to the SAMGODS model includes real data on where goods
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Number of Trucks

FIG 5 The Swedish road network and the number of trucks traveling
between hubs per hour. The hub locations and the number of trucks
traveling between hubs are obtained from the SAMGODS model.

are produced and consumed and the costs of using differ-
ent modes. The output from the SAMGODS model is realis-
tic freight transportation flows between zones in Sweden.
The Swedish road network with 105 hubs, at which trucks
can wait and form platoons, is shown in Figure 5. The hub
locations are real road terminal locations and are obtained
from the SAMGODS model. The roads between hubs and
their travel times are ohtained from the open source map-
ping service OpenStreetMap [51].

The SAMGODS model output gives a realistic distribu-
tion of the origin-destination pairs of trucks. We use this
distribution as input to our simulation study to randomize
the origin-destination pairs of each truck. In Figure 5, the
width of each road indicates the average number of trucks
traveling on the road per hour in both directions. We com-
pute the average number of trucks traveling on each road
per hour from the SAMGODS model output and the routing
between hubs from OpenStreetMap.

The trucks in the simulation study start their trips with-
in 1 h, and the starting time of each truck is uniformly ran-
domized within the 1-h period. The platooning system is
evaluated for 1,000 trucks, 3,000 trucks, and 5,000 trucks,
which corresponds to 20%, 60%, and 100%, respectively, of
all trucks starting their trips on average in Sweden during
the 1-h period [52].

The trucks belong to different carriers, and Figure 6
shows the percentages of trucks that belong to carriers of
different sizes. The carrier size distribution in Figure 6 is
obtained from the data in [53], which give the distribution
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of the number of employees of transportation companies in
Sweden, and we generate the carrier size distribution by
assuming the number of trucks of a carrier is proportional
to its number of employees.

The bhenefit of platooning is assumed to be the monetary
savings from reducing energy consumption, and the prof-
its of the trucks in each platoon are evened out through
compensations, as already mentioned. The energy con-
sumption of each follower truck is assumed to be reduced
by 10%, which is realistic according to the field tests in [4].

100+ Trucks

1-10 Trucks 24.6%

35.2%

10.6%
' 51-100 Trucks

29.6%

11-50 Trucks

FIG 6 The percentages of trucks that belong to carriers of different sizes.

0246 810
Reduced Energy
Consumption (%)

The energy price per kilometer of other trucks is assumed
as SEK7.2, which is realistic if considering diesel trucks.
Moreover, we assume that the waiting cost per hour is
SEK260, which is approximately the average price of driv-
ers in Sweden [54]. We set the deadlines of trucks by as-
suming that each truck is allowed to increase its trip time
by 10% due to waiting.

Evaluation of the Platooning System

The platooning system is evaluated in terms of reduced en-
ergy consumption; profit of trucks, including saved energy
expenses and increased waiting cost; and the trip delay
caused by waiting at hubs to form platoons.

Figure 7 shows the reduced energy consumption on
the roads in the Swedish road network for 1,000; 3,000;
and 5,000 trucks connected to the cross-carrier platoon-
ing system. The reduced energy consumption on each
road is aggregated in both directions. Figure 7 shows that
more roads generally have a high energy consumption re-
duction when more trucks are connected to the system.
On a few roads, the percent energy reduction is decreased
when the number of trucks is increased. This is possible
if, by chance, the new trucks drive alone, decreasing the
percent energy reduction due to platooning. We see from
Figures 5 and 7 that roads where many trucks travel gen-
erally have a higher reduction in energy consumption.

FIG 7 The reduced energy consumption on the road segments in the Swedish road network when (a) 1,000 trucks, (b) 3,000 trucks, and (c) 5,000 trucks

participate in the platooning system.
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This is because the number of platooning opportunities
increases with the number of trucks. The number of
trucks in single platoons is not constrained in our formu-
lation; however, when 5,000 trucks are considered in the
simulation study, more than 95% of the platoons have six
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FIG 8 The (a) reduced energy consumption in the Swedish road network;
(b) total profit due to platooning; and (c) average trip delay per truck due
to waiting when 1,000; 3,000; and 5,000 trucks participate in the
platooning system.
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or fewer trucks, and more than 50% of the platoons have
two trucks.

Figure 8 shows the total reduced energy consumption
in the Swedish road network due to platooning, the total
profit, and the average trip delay per truck due to waiting.
These measures are evaluated for 1,000; 3,000; and 5,000
trucks. The cross-carrier platooning system is compared to
a single-carrier platooning system where each truck is only
allowed to form platoons with trucks from the same carrier.

Figure 8(a) and (b) shows that the energy consumption
is decreased and the total profit due to platooning is in-
creased with more trucks connected to the system, which
is in line with the patterns seen in Figure 7. These figures
show that cross-carrier platooning can achieve significant
environmental benefits and that the monetary henefit of
platooning in the simulation study is relatively low com-
pared to the operational cost of trucks. However, if consid-
ering other profits than monetary savings due to reduced
energy consumption or if considering the accumulated
profit over time, the platooning profits can still be substan-
tial. Figure 8(a) and (b) also shows that cooperation across
carriers is essential to achieve significant benefits from
platooning. This is due to the carrier size distribution in
Figure 6, which shows that many trucks belong to carriers
with few trucks in their fleets, causing a massive loss in
platooning opportunities when cross-carrier platooning is
not allowed.

Figure 8(c) shows that the average waiting time per
truck is small compared to the trucks’ total travel times;
trucks only need to delay their trip times by a few percent.
This indicates that platoons can form relatively seamlessly
without considerable trip delays.

Figure 9 shows the average profit from platooning per
truck for carriers with fewer than 100 trucks and more
than 100 trucks when 5,000 trucks participate in the pla-
tooning system. The figure shows that the profit per truck
under cross-carrier cooperation is approximately the same

[ Single-Carrier Platooning
|| ™= Cross-Carrier Platooning
89 88.3

=
o
o

[o]
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N
o

20.7

Average Profit per Truck (SEK)
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FIG 9 The average profit from platooning per truck for carriers with fewer
than 100 trucks and more than 100 trucks when 5,000 trucks participate
in the platooning system.
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for the carriers with fewer than 100 trucks as for the car-
riers with more than 100 trucks. The figure also shows
that the incentive to cooperate with others is higher for the
smaller fleets, and this is because they have few single-
carrier platooning opportunities. However, the carriers
with more than 100 trucks also significantly increase their
profits per truck by cooperation.

Conclusions and Future Work

This article presented a platooning system where carri-
ers cooperate in forming platoons. We proposed a cross-
carrier platooning system architecture where the carriers
keep control of their trucks but cooperate through a pla-
toon-hailing service. The function of the platoon-hailing
service is to inform each carrier about the feasible platoon-
ing options for its trucks, and each carrier decides which
platoons its trucks will join. We also presented a coordina-
tion approach that each carrier uses when computing the
platooning decisions for its trucks.

The cross-fleet platooning system was evaluated in a
simulation study. The simulations showed substantial en-
ergy savings in Sweden due to platooning for a sufficiently
high penetration rate of platooning technology. More pre-
cisely, the energy consumption was reduced hy 3%, 4.8%,
and 5.4% for 1,000; 3,000; and 5,000 trucks connected to
the platooning system, respectively. This suggests that en-
ergy savings thanks to platooning will increase over time
as more trucks get equipped with platooning technology.
The simulations also showed significant energy savings on
roads where many trucks travel, even for low penetration
rates of platooning technology.

We also compared the cross-carrier platooning system
with a system where trucks are only allowed to platoon
with trucks from the same carrier. According to the simu-
lation study, the energy consumption was only reduced by
0.4% due to platooning for 5,000 when only single-carrier
platoons were formed. This suggests that cross-fleet pla-
toon cooperation is essential to obtain significant savings
from platooning. The average profit per truck for carri-
ers with fewer than and more than 100 trucks was com-
pared under cross-carrier platooning and single-carrier
platooning. The results show that smaller carriers are
more incentivized to cooperate with others than larger
carriers. This indicates that larger carriers might require
a larger share of the platooning profit to accept coopera-
tion with smaller carriers. This can be achieved through
a simple proportional profit-sharing mechanism, as in
this article, giving a larger share to larger carriers, or by
a profit-sharing mechanism based on a game theoretic
concept.

The simulation study used realistic distributions of
trucks’ origins and destination pairs as well as the car-
rier sizes. However, the benefits of platooning remain to be
shown in case studies where real mission data from car-
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riers are used. In the simulation study, the trucks’ routes
were fixed, and the decision variables were the waiting
times at hubs. In the future, we plan to study the achieved
benefits when the routing is included in the platooning
decisions. In our formulation, several assumptions were
made that might be unrealistic in practice; for example, the
number of trucks in single platoons was not constrained,
there were no driving and resting time regulations, al-
ready formed platoons stopped at hubs, and trucks could
stop at every hub on their routes. Thus, we plan to extend
the work in this article to include such constraints and
study their consequences. We also plan to capture in our
reward model that trucks are heterogeneous, for example,
in the brands, types, and freight they transport. Finally,
another promising direction is to explore auction-based
methods for cross-carrier platoon cooperation, as it is com-
mon for collaborative transportation.
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