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Abstract

Heavy-duty vehicle (HDV) manufacturers and fleet owners are facing great chal-
lenges for a maintained sustainable transport system as the demand for road freight
transport is continuously increasing. HDV platooning is one potential solution to
partially mitigate the environmental impacts as well as to reduce the fuel consump-
tion, improve safety, and increase the throughput on congested highways. Although
the concept of vehicle platooning has existed for decades, it has only been recently
possible to implement in practice. Advancement in information and communications
technology as well as in on-board technology allow the vehicles to connect with each
other and the infrastructure. As goods have di�erent origins, destinations, and time
restrictions, it is not evident how the HDVs can fully utilize the platooning benefits
during transport missions. There is a need to systematically coordinate scattered
vehicles on the road network to form platoons in order to maximize the benefits of
platooning.

This thesis presents a framework for the coordination of HDV platoon formations.
The focus lies on analyzing and validating the possibility to form platoons through
fuel-e�cient coordination decisions. A functional architecture for goods transport
is presented, which divides the overall complex transport system into manageable
layers. A vehicle model is developed to compute the impact a coordination decision
has on the fuel cost. Platoon coordination consists of rerouting vehicles, adjusting
departure times, and adjusting speed profiles. The focus in this thesis is on adjusting
vehicles’ speeds through catch-up coordination. The first main contribution of the
thesis is the investigation of how and when a pair of vehicles should form platoons
given their position, speed, and destination. We derive a break-even ratio where
the fuel cost of catching up and platooning is equal to the fuel cost of maintaining
the original profile. By comparing the distance to destination and the distance to
the candidate vehicle ahead with the break-even ratio, we can conclude whether
a catch-up coordination would be beneficial or not. We also show that the road
topography has little or no impact on the fuel savings of catch-up coordination.
The second contribution is the study of extending the catch-up coordination into
a road network with scattered vehicles with the possibility to form platoons and
plan routes on junctions. Incoming vehicles on a road junction are aware of other
incoming vehicles and of their position, speed, and destination. The vehicles can
decide if a platoon should be formed and which path to take. Simulations on the
German road network show fuel savings exceeding 5 % with a few thousand vehicles.
For our third contribution, we use real vehicle probe data obtained from a fleet
management system to investigate how catch-up coordination and departure time
adjustments can increase the fuel savings from today’s spontaneous platooning. The
results show that coordination can increase the fuel savings and the platooning rate
significantly. We managed to increase it with a factor of nine despite having only
200–350 active HDVs on the network. The main results of the thesis indicate that
it is possible to increase fuel savings noticeably with simple regional coordination
schemes for vehicle platoons.





To platoon or not to platoon...
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Chapter 1

Introduction

“The roots of education are bitter,

but the fruit is sweet.”
Aristotle

The wealth of the world is continuously increasing and closely connected
is the increasing demand for freight transport, which leads to increased
fuel consumption and more greenhouse gas emissions. The World Business

Council for Sustainable Development (WBCSD) predicted an annual growth rate
of 2.4 % for tonne-kilometer transported goods for heavy-duty vehicles (HDVs)
2000–2050 (WBCSD, 2004). This corresponds a total increase of over 200 % tonne-
kilometer transported goods. The need of reducing the environmental impacts are
inevitable in order to retain a sustainable environment. In this thesis we investigate
one possibility to mitigate the environmental impacts, namely through platoon
coordination.

The outline of this chapter is as follows: In Section 1.1 we give a motivation for
fuel-e�cient freight transports. In Section 1.2 we formulate the main mathematical
problem. Lastly, Section 1.3 presents the contributions of this thesis.

1.1 Motivation

The demand for freight transport is continuously increasing as the economies of the
world grow. An increased demand in transport sector leads to higher greenhouse
gas and CO2 emissions from fossil fuel combustion. In the EU-27 countries, the
transport sector corresponds to 24 % of the total greenhouse gas emissions and
28 % of the total CO2 emissions (European Commission, 2009). The International
Transport Forum (ITF) reported similar numbers of the CO2 emissions of 23 %
worldwide. Within the transport sector, the road freight transport is the dominant
representation with 73 % of the CO2 emissions (ITF, 2008). With predictions of the
rising demands for freight transport, the European Commission set goals towards

1
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Figure 1.1: Costs for European fleet owners (Scania CV AB, 2012), the fuel ratio is
similar for life-cycle costs of European HDVs (Schittler, 2003).

a more competitive and resource-e�cient transport system. The key goal is to
cut the emissions in the transport sector with 60 % by 2050 in order to reduce
the environmental impacts to avert climate change and maintain a sustainable
environment (European Commission, 2011).

Both HDV manufacturers and fleet owners are facing di�cult challenges for
a maintained sustainable environment. They have to comply to legislations and
policies, as well as making the transport more fuel e�cient due to the rise of
fuel prices. Figure 1.1 shows the main costs for a fleet owner, where the fuel cost
represents more than a third of the total cost of maintaining the haulage (Scania CV
AB, 2012). In general, a fleet owner owns several HDVs that travel over 200,000 km
yearly. With an average fuel consumption of 0.3 liter/km and diesel fuel cost of
14.4 SEK/liter, the fuel cost for a single HDV amounts of over 0.85 MSEK (roughly
e 90,000) yearly. Hence, even a small per cent fuel saving leads to great saving for a
fleet owner.

The use of fleet management systems (FMSs) is increasing among fleet operators.
The FMS enables the fleet operator to analyze and monitor the operation and
condition of each vehicle, for instance the amount of coasting, idling, braking,
fuel consumption, speed, and position. This allows the fleet owner to cut costs
through driver training, driver reward systems, or transport reroutings since 70 %
of a fleet owner’s cost are related to drivers’ salaries and fuel. This makes the
owner’s profitability largly dependent on the drivers, whose driving styles a�ect fuel
consumption.

Since the position of the vehicle is a key component for the FMS, a global
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Figure 1.2: Three HDVs platooning with close intermediate distance. The air drag is
reduced for the second and third vehicle. (Photo provided courtesy of Scania CV AB)

positioning system (GPS) device is needed in the vehicles. With the support of a
navigation system, the FMS enables the potential to decrease the fuel consumption
of the HDVs, and the fleet owner’s cost, by introducing the possibility to platoon
with other vehicles. HDV platooning is to form a string of HDVs driving close behind
each other, depicted in Figure 1.2. This introduces a slipstream e�ect for the follower
vehicle, caused by an aerodynamic drag reduction that occurs behind a traveling
vehicle, and reduces the overall resistive force acting on a vehicle. Thus, the fuel
consumption is reduced for the follower vehicle.

The air drag is generally stronger at higher speeds and on a typical Swedish road,
the air drag constitutes 23 % of the total force acting on an HDV at highway speed
(Sandberg, 2001). Thus, reducing the air drag a few per cent will have a noticeable
impact on the fuel savings. The Swedish National Road and Transport Research
Institute (VTI) reported that more than 70 % of total traveled distance for HDVs,
registered in Sweden, are on highways or on roads with speed limits of 90 km/h or
above (VTI, 2008). Hence, HDV platooning has great opportunities and potentials
to reduce fuel consumption. Studies show that the fuel consumption can be reduced
by up to 20 % (Robinson et al., 2010). Since fleet owners generally have di�erent
origins and destinations, coordinations between the vehicles are needed in order to
form platoons on the road.

1.2 Problem Formulation

The problem studied in this thesis is how and when it is beneficial to coordinate HDVs
to form platoons, based on the vehicles’ positions, speeds, and their destinations.

An HDV traveling on the road can be modeled based on the internal forces
produced by the powertrain and the external forces acting on the vehicle. In a
platoon, the external air drag force is reduced for the follower vehicle, which leads
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Figure 1.3: HDVs scattered on a road network. It is not evident how to coordinate
the vehicles to form platoons in order to reduce the fuel consumption considering both
time and speed constraints.

to the vehicle requiring less force to propel it forward. However, in general, HDVs
do neither have the same origins, destinations, nor transport missions, which means
it is not always possible to platoon. Often HDVs are scattered as in Figure 1.3 with
di�erent speeds, destinations, and time constraints. Some vehicles might platoon
spontaneously because the vehicles coincidently formed on an on-ramp or some
drivers might have seen another HDV further ahead and decided to platoon with it.
However, it is not clear how, when, and which vehicles should platoon with each
other in order to make their transport more fuel e�cient. Hence, an intelligent
coordination to form platoons is needed.

A platoon coordination can be decided either before the transport mission starts
or on the road. Coordinating before the transport mission implies adjusting departure
time to match other vehicles’ departure such that they can merge and platoon as
much as possible. Platoon coordination on the fly implies the vehicles to adjust
their speeds; either the lead vehicle slows down, or the follower vehicle speeds up,
or a combination of both. Rerouting from vehicles’ original routes to form platoons
further ahead is also a possible coordination scheme. Making a coordination generally
leads to higher fuel consumption, which can be gained back through platooning,
or time loss. Thus, it is clearly not evident how platoon coordination between
vehicles should be executed in order for the vehicles to benefit from the lower fuel
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consumption as much as possible. Note that a coordination can also be how a vehicle
should merge or split with a platoon on an on- or o�-ramp. This is considered more
as a local coordination on the vehicle level, which focuses more on the safety rather
than fuel e�ciency. We do not consider this in this thesis.

The problem that we solve in this thesis is to find fuel-e�cient coordination
strategies for scattered HDVs, traveling on the roads without any disturbance
or interference from surrounding tra�c, to form platoons without delaying their
transports. We consider this from three di�erent perspectives – based on a vehicle
model, vehicles on a road graph network, and based on vehicle probe data. In all
three cases, we compare the fuel cost f

c

of coordination followed by platooning with
the fuel cost of maintaining the original plan (no coordination), which is described
as:

f
c

(coordination) + f
c

(platooning) < f
c

(maintain).
If the inequality holds, i.e., the cost on the left hand side (LHS) is lower than the
cost of the right hand side (RHS), then it suggests that a platoon coordination is
beneficial.

1.3 Thesis Outline and Contributions

In this section, we outline the contents of the thesis and the contributions.

Chapter 2: Background

This chapter briefly describes intelligent transportation system (ITS) and we discuss
related work regarding both vehicle platooning as well as platoon coordination.
Furthermore, we briefly discuss the technologies available to enable both platoon
formation and coordination. Lastly, we describe transport architecture from the
transport mission down to the vehicle control level in order to get an overview of
how they are connected.

Chapter 3: Modeling

In this chapter, we describe the vehicle model in detail from the force produced
from the engine through the driveline to the force on the wheels. We also present a
fuel model as well as how the vehicle mass, road slope and other factors could a�ect
a fuel-e�cient coordination decision.

The chapter is based on the publication:

• K.-Y. Liang. Linear Quadratic Control for Heavy Duty Vehicle Platooning.
M.Sc. thesis, KTH Royal Institute of Technology (2011)
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Chapter 4: Fuel-e�cient Catch Up

In this chapter, we study our first case of fuel-e�cient coordination, namely a
catch-up coordination. A catch up implies that the follower vehicle drives faster in
order to form a platoon with the vehicle ahead. However, the fuel cost is increased
when driving faster and has to be gained back and more in order for a catch up to be
beneficial. We derive a break-even ratio, where neither catching up nor maintaining
the speed is more beneficial than the other. The break-even ratio tells us how far one
vehicle should look ahead for possible candidate vehicles to form platoons with and
this depends on the increased relative speed, air drag reduction when platooning,
and distance to destination.

The chapter is based on the publication:

• K.-Y. Liang, J. Mårtensson, and K. H. Johansson. When is it Fuel E�cient for
a Heavy Duty Vehicle to Catch Up With a Platoon? In 7th IFAC Symposium
on Advances in Automotive. Tokyo, Japan (2013)

Chapter 5: Coordinated Route Optimization

This chapter extends the catch-up coordination idea further into a network. On a
road network, the fuel-e�cient path for one single HDV is often not the fuel-e�cient
path when considering platoon possibilities with other HDVs. One vehicle might
take a detour in order to get a huge benefit from the lowered fuel consumption from
platooning. Therefore, we introduce virtual regional controllers at road junctions
that inform incoming vehicles if a catch up should be made. The inputs to the
controller are current speed, position and destination and the outputs are suggested
speed and path to take for each vehicle. The fuel savings highly depend on the
amount of vehicles on the network, but the fuel savings are already significant with
a few hundred vehicles on the network.

The chapter is based on the publication:

• J. Larson, K.-Y. Liang, and K. H. Johansson. A distributed framework for
coordinated heavy-duty vehicle platooning. Special Issue of IEEE Transactions
on Intelligent Transportation Systems (2014). Conditionally accepted

which is an extension of:

• J. Larson, C. Kammer, K.-Y. Liang, and K. H. Johansson. Coordinated Route
Optimization for Heavy-duty Vehicle Platoons. In Proceedings of the 16th
International IEEE Annual Conference on Intelligent Transportation Systems
(ITSC). Hague, Netherlands (2013)
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Chapter 6: Fuel-potential Savings Evaluated Through Sparse
Probe Data
In this chapter, we analyze sparse probe data that we obtained from Scania’s FMS.
We use simple map-matching and path-inference algorithms to infer the path the
vehiles have taken, in order to investigate how many vehicles are platooning today
and their fuel savings. Furthermore, we introduce a few simple coordination schemes
that increased both the fuel savings and the amount of platoons several times.

The chapter is based on the publication:

• K.-Y. Liang, J. Mårtensson, and K. H. Johansson. Fuel-Saving Potentials of
Platooning Evaluated through Sparse Heavy-Duty Vehicle Position Data. In
2014 IEEE Intelligent Vehicle Symposium (IV). Dearborn, Michigan, USA
(2014). Submitted

Chapter 7: Conclusion and Future Work
A summary of this thesis and possible future research directions are presented in
this chapter.

Other Publications
The following publications are not covered in this thesis but are relevant for HDV
platooning.

The paper

• K.-Y. Liang, A. Alam, and A. Gattami. The Impact of Heterogeneity and
Order in Heavy Duty Vehicle Platooning Networks. In 2011 IEEE Vehicular
Networking Conference (VNC). Amsterdam, Netherland (2011)

studies how di�erent weights of the vehicles in a platoon and the order of them
a�ect string stability. A suggestion on how to order the vehicles is made to mitigate
string stability. A PID controller is proposed.

The paper

• J. Mårtensson, A. Alam, S. Behere, A. Khan, J. Kjellberg, K.-Y. Liang,
H. Pettersson, and D. Sundman. The Development of a Cooperative Heavy-
Duty Vehicle for the GCDC 2011: Team Scoop. IEEE Transactions on
Intelligent Transportation Systems, 13(3) (2012)

presents a prototype system that was used to participate in GCDC 2011. Further-
more, the paper describes the system architecture behind the prototype, how state
estimation and sensor fusion were considered, the design and implementation of
control algorithms, and implementation issues regarding wireless communication.
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Contributions by the Author
The order of the author names reflects the workload, where the first had the most
important contribution. An exception with Mårtensson et al. (2012), where the first
author was the corresponding author and all other authors were in alphabetical
order and the workload were divided into the authors’ respectively fields. In all the
publications, the thesis author at least participated actively in the discussions and
derivations of the theories, as well as in the paper writing.



Chapter 2

Background

“As for me, all I know is that I know nothing.”
Socrates

In this chapter, we give an overview regarding the possibilities technologies enable
within transportation systems and we briefly introduce research projects that
have been carried out within the ITS field. Then we present an overview of the

related work on vehicle platooning and platoon coordination. The literature over
this field is quite extensive and we by no means cover everything but rather give an
overview of the conducted work. Afterwards we discuss the technologies today that
enable the possibility to platoon and to coordinate platoons. Lastly, we propose
an architecture of transports, from the transport mission level down to the vehicle
control level, in order to get an overview of how they are connected.

The outline of this chapter is as follows: In Section 2.1 we describe ITS followed
by an overview over related work in Section 2.2. In Section 2.3 we discuss the
technologies today that enable vehicle platooning and platoon coordination. Lastly,
in Section 2.4 we describe our transport architecture and summerize the chapter in
Section 2.5.

2.1 Intelligent Transportation System

One of the growing fields applying information and communications technology
(ICT) is within transportation systems. Introducing ICT to transportation systems
allows decision to be made from accurate information and enables transportation
of goods and people with higher energy e�ciency. ITS, illustrated in Figure 2.1, is
a broad area that includes all type of navigation systems and communications in
and between transport units on road, rail, water, air, and with infrastructure. In
Europe, ITS activities are coordinated by the European Road Transport Telematics
Implementation Co-ordination Organisation (ERTICO). Their o�cial definitions of
ITS is:

9
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Figure 2.1: An illustration of ITS. ITS includes telematics and all types of communi-
cations in vehicles, between vehicles, and between vehicles and infrastructure. Note
that ITS also includes the use of ICT for rail, water, and air transport, including
navigation systems. (Illustrations provided courtesy of ETSI (2014))

ITS - Intelligent Transport Systems and Services - is the integration of
information and communications technology with transport infrastructure,
vehicles and users. By sharing vital information, ITS allows people to
get more from transport networks, in greater safety and with less impact
on the environment. (ERTICO, 2010)

Besides ERTICO in Europe, there are other agencies worldwide such as ITS
America, ITS China, and ITS Japan among others that are dedicated to advance
research, development, and deployment of ITS.

2.1.1 Research Projects

A number of ITS research projects have been conducted worldwide and some of the
most recent and related projects are described here.
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California PATH

California Partners for Advanced Transportation TecHnology (PATH) was estab-
lished in 1986. The objective of PATH is to develop solutions to the problems of
California transportation system. PATH research is divided into three research areas;
transportation safety, tra�c operations, and modal applications. PATH was one
of the first to demonstrate the concept of vehicle platooning with close follower
vehicles using wireless communication with emphasis on highway throughput. The
focus shifted later on to air drag reduction with HDV platooning. (PATH, 2010)

COMPANION

The goal of the COoperative dynamic formation of Platoons for sAfe and energy-
optImized goods transportatioN (COMPANION) project is to develop a real-time
coordination system that dynamically creates, maintains and dissolves HDV platoons,
according to a decision-making mechanism. This is achieved by taking into account
historical and real-time information about the state of the infrastructure (such as
tra�c, weather, etc.). The consequence is that platoons will be no more composed
just of vehicles with common origins and destinations, but they will be created
dynamically on the road, by merging vehicles (or sub-platoons) that share subparts
of their routes. The project will also examine how the human machine interface
(HMI) should be presented to the drivers and suggest common regulations for EU
that would permit shorter distances between the HDVs in the platoon. The project
is funded by the European Commission under the 7th Framework programme and
it was initiated in 2013 and will run until 2016. (COMPANION, 2013)

CVIS

The Cooperative Vehicle-Infrastructure Systems (CVIS) project aims to design,
develop, and test technologies needed to allow vehicles to communicate with each
other and with the nearby roadside infrastructure. It also aims to have a better
understanding of user acceptance, data privacy and security, system openness and
interoperability, risk and liability, public policy needs, cost/benefit and business
models, and roll-out plans for implementation. The project was funded by the
European under the 6th Framework programme and the timeframe was between
2006 to 2010. (CVIS, 2009)

EasyWay

The main objectives of EasyWay project are to improve safety, to reduce congestion,
and to reduce environmental impacts for, what they call, a sustainable mobility.
Although the project lasted between 2007 and 2013, they set the targets for 2020,
similar to the ones in White Paper (European Commission, 2011). EasyWay is a
unique platform that gathered national road authorities with public and private
road operators across Europe. (EasyWay, 2014)
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eCoMove

The goal of the Cooperative Mobility Systems and Services for Energy E�ciency
(eCoMove) project is to combine state-of-the-art vehicle control for energy-e�cient
driving with tra�c information, infrastructure management and communication
technologies to achieve a 20 % reduction in energy consumption and CO2 emissions.
The areas that the project aims to improve are route choice, driving performance,
and tra�c management and control. The project was funded by the European
Commission under the 7th Framework programme during the timeframe 2010 to
2013. (eCoMove, 2010)

FREILOT

The aim of Urban Freight Energy E�cient Pilot (FREILOT) is to increase energy
e�ciency in road goods transport in urban areas through four di�erent services;
energy-e�cient intersection control, adaptive speed and acceleration controls, eco-
driving support, and real-time loading/delivery space booking. The services together
can reduce the fuel consumption and CO2 emissions with up to 25 %. The projected
started in 2009 and finished in 2011. (FREILOT, 2010)

HAVEit

The Highly Automated Vehicles for Intelligent Transport (HAVEit) project will
develop, validate and demonstrate important intermediate steps towards highly
automated driving with the aim to significantly improve tra�c safety and e�ciency.
This is obtained through development and validation of the next generation advanced
driver assistance system (ADAS), HMI with defined di�erent degrees of automated
driving, and development and validation of a scalable and safe vehicle architecture
that includes redundancy management. The project was funded by the European
Commission under the 7th Framework programme during the timeframe 2008 and
2011. (HAVEit, 2011)

SAFESPOT

The concept of SAFESPOT is to convert autonomous intelligent vehicle into intelli-
gent cooperative systems, where interactions between vehicles and infrastructure
are introduced. Through dynamic cooperative networks, where vehicles and road
infrastructure communicate to share information, the drivers’ perception of the
vehicle surrounding will be enhanced for better road safety. The project was funded
by the European under the 6th Framework programme and the timeframe was
between 2006 to 2009. (SAFESPOT, 2009)
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2.2 Related Work

We have divided related work into two parts. One that focuses on vehicle platooning,
where all the conducted work assume the number of vehicles in the platoon stays
fixed. The other part focuses more on platoon coordinations, where the vehicles are
not necessary in a platoon but through some incentive means form platoons.

2.2.1 Vehicle Platooning
Vehicle platooning can be described as a string of vehicles, traveling together at
a set intermediate distance and speed, acting as one unit. The concept of vehicle
platooning has existed for several decades. One of the first to present this concept
was General Motors (GM) at the 1939 New York World’s Fair with their visioning
film entitled To New Horizons (GM, 1939). Their vision was that cars would drive
autonomously with the help of curved sides to keep the cars in the lane, and with
automatic radio control to maintain safe distances between the cars at unreduced
speed.

Although today, the focuses of vehicle platooning are control implementation
and fuel savings, the original study did not originate from vehicle control but rather
from tra�c dynamics. Their purpose was to find a vehicle-follower model in order
to understand and develop tra�c flow models. An early study by Pipes (1953),
studied the dynamics of a line tra�c with N vehicles and a wave phenomena was
noticed. The paper states that it has been found that when a light turns green, the
whole line of vehicles does not move as a unit, but a wave travels down the line
of vehicles. This has become, what we know today in vehicle platooning as string
stability, which the term was first introduced by Peppard (1974). The word platoon
was first introduced by Rothery et al. (1964), however it only became a standard
term in the very late 20th century.

String stability became a mainstream research field within vehicle platooning
for a few decades. String stability can be described as the ability to attenuate a
disturbance in position, speed, or acceleration as it propagates along the string
of vehicles. A rigorious definition of string stability can be found in Swaroop and
Hedrick (1996). String stability is su�cient but not necessary condition for a stable
vehicle platoon. A vehicle platoon does not need to have the string stability property,
if the propagation error stay uniformly bounded then disturbance attenuation will
also be ensured (Shaw and Hedrick, 2007). Note that string stable does not equal
safety, it only guarantees that there is no disturbance propagation along the platoon.
String stability has been studied extensively with di�erent approaches such as
control design (Levine and Athans, 1966; Khatir and Davison, 2004), variable time
headway (Yanakiev and Kanellakopoulos, 1995), using both front and back vehicle
information (Chien et al., 1999), and through vehicle-to-vehicle communication
(V2V) (Yamamura and Seto, 2006) to achieve string stability and more recently in
lateral direction through active steering (Kianfar et al., 2013).

The research of vehicle platooning and string stability were mainly theoretical
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studies. New research areas started to arise in 1990’s when technology was more
mature for implementation and testing of vehicle platooning in practice. California
PATH was one of the first to experimentally test platooning with two cars driving
at highway speed and using wireless communication (Chang et al., 1991). Their
motivation behind platooning was to increase the highway throughput, which could
be increased by a factor two or three. They extended it further with a demonstration
of platooning with four cars in 1994 (Hedrick et al., 1994) and eight cars in 1997
(PATH, 1997). The air drag reduction potentials of a car platoon were stressed, but
no measurements were made. However, studies on wind tunnel with car models
indicated air drag reductions of an average of 55 % for a four car platoon (Zabat
et al., 1995).

Reduced air drag enables the potential to reduce the fuel consumption. This
opened many opportunities to study the possible fuel consumption reduction when
platooning. Studies on fuel reductions in platooning have mainly been on HDVs
(Bonnet and Fritz, 2000; Browand et al., 2004; Zhang and Ioannou, 2004; Alam
et al., 2010; Tsugawa, 2013) where the potentials are greater due to the shape of the
vehicle. A fuel experimental study with mixed cars and HDVs in platoons has been
done in Davila (2013). All studies indicate a fuel saving for the follower vehicles
from the air drag reduction and this is achievable through vehicle control. However,
the controller also has an influence the fuel consumption. If a controller constantly
needs to accelerate and brake to maintain a fixed distance to the vehicle ahead,
it will be fuel ine�cient, which might have happened in the case of the KONVOI
project. They showed fuel savings on their test site, but no savings during test
on public highway due to that the HDVs needed to vary their speeds to adapt to
other vehicles and tra�c conditions (Shladover, 2012). A platoon control could be
further improved and be more fuel e�cient using preview information of the road
topography ahead (Alam et al., 2013).

The closer the gaps are between the vehicles in a platoon, the higher the tra�c
throughput and air drag reduction are. However, a closer gap requires a more
aggressive controller to ensure safety and avoid collision. Collision avoidance for
HDVs has been studied by Alam et al. (2014) and for cars, the work has been
conducted by several researchers, e.g., Alvarez and Horowitz (1997) and Seiler et al.
(1998).

Many HDV platooning projects with demonstrations have been conducted. PATH
showed fuel saving with two HDV platoon with 3–10 m intermediate gap (Browand
et al., 2004). CHAUFFEUR I & II was the first platooning project in Europe where
the lead vehicle was driven manually and the follower vehicle automatically with
V2V-communication (Bonnet and Fritz, 2000). The focus of KONVOI was highway
utilization. Their platooning system were designed to split the platoon when a
vehicle cuts-in (Lank et al., 2011). SARTRE was the first project with mixed typed
of vehicles in a platoon (Robinson et al., 2010). Scoop was a collaboration between
university and industry to compete in the Grand Cooperative Driving Challenge
(GCDC) 2011 (Mårtensson et al., 2012). Energy ITS was conducted in Japan in
order to reduce the energy consumption and CO2 emissions in the transportation
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sector (Tsugawa, 2013). COMPANION is a newly started European project that
focuses to coordinate HDVs both online and o�ine using dynamical information
(COMPANION, 2013).

2.2.2 Platoon Coordination
Most of the conducted work in HDV platooning, as well as car platooning, have
mainly focused on vehicles staying in the platoon throughout their study. However, in
practice, vehicles have di�erent origins and destinations meaning that platoons will
have to be formed, merged, and split frequently. Many studies have been conducted
regarding how vehicle should enter and leave platoons or in tra�c on an on- or
o�-ramp, such as Hall and Chin (2002); Sarvi et al. (2004); Khan and Bölöni (2005);
Baskar et al. (2008); Milanés and Godoy (2011); and Muralidharan et al. (2012).
These maneuvers are managed through cooperation using wireless communications.
The focus was on execution and performance rather than fuel e�ciency.

Studies of fuel-e�cient platoon coordination are scarce and have been neglected
up until recently. One might consider the vast work done in tra�c flows and dynamics
or in the traveling salesman problems (TSPs). However, in tra�c flows, the main
concept is to distribute the flows in the network in an even manner, e.g. Baskar
et al. (2013), while the idea of platoon coordination is to gather the vehicles on
the same road. The TSP is to reach a number of cities exactly once and return to
the origin city with the shortest possible route. This could correspond to an HDV
transporting cargoes to di�erent destinations. The multiple TSP is a generalization
of TSP where more than one salesman is allowed in the solution and it has been
studied by e.g. Wang and Regan (2002) and Bektas (2006). However, these authors
consider the salesmen to go to di�erent cities and do not consider that there is
a benefit of traveling together. An extension of the multiple TSP, called vehicle
routing problem, is a field worth considering. The vehicle routing problem is to
route a fleet of vehicles to deliver or pick-up goods from customers at minimal
cost. This has been extensively studied, e.g., Desaulniers et al. (1998); Bent and
Hentenryck (2006); and Tasan and Gen (2012), but similarly to multiple TSP, the
benefit of traveling together is not considered. Cruijssen et al. (2007) has considered
the possibility of joint route planning where some deliveries are outsourced to other
fleet companies, which allows to decrease the overall cost, however for the cost of
time loss. In Horowitz and Varaiya (2000), an architecture of an automated highway
system is presented. They describe the function of each layer and the coordination to
form or split platoons are discussed. All the mentioned papers (with the exception
of the last) do not consider the possibility to travel together to gain fuel reduction
benefit from platooning.

Lastly, we will mention some papers that do consider increasing the platoon incen-
tive for benefits. The paper by Meisen et al. (2008) attempts to increase platooning
throughout a network by using data-mining techniques to identify common routes
where platoons can be formed. In Farokhi and Johansson (2013), a game-theoretic
approach is studied of two types of agents (cars and HDVs) given tra�c flow on
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the day and dynamic congestion tax with the HDVs having platoon benefits when
traveling with their peers. Larsson et al. (2013) studies HDVs traveling on a road
network where the vehicles have the possibility to stop and wait for another vehicle
to platoon with.

2.3 Enabling Technologies

We describe the technologies available today that enable platooning between vehicles
and the possibility to coordinate between vehicles to form platoons for fuel e�ciency.

2.3.1 For Platooning
Vehicle platooning is known to reduce the fuel consumption of the follower vehicle.
This requires the driver to drive close behind the vehicle ahead, which involves the
driver to be more alert and adds up stress on the driver. By adding relevant sensors
to the vehicles, some of the stress can be loaded o� from the driver. Sensors have
in general allowed the vehicles to become more aware of its own status as well as
perceive its surrounding. One of the first sensor that was used on the HDV for
perception of the surrounding was radar. The radar is put in front of the vehicle in
order to detect objects and measure relative speeds and positions. The application
is to aid the driver to either maintain a set speed if there are no vehicles ahead or
maintain a set gap if there is a vehicle ahead. This feature is called the adaptive
cruise control (ACC), which is a step towards platooning. Other technology that
could also fulfill similar tasks as radar is stereocamera. Various other sensors also
support the driver within ADAS. For instance, a camera enables the vehicle to
detect the lanes and maintain inside them, or a radar on the back to detect vehicles
in the blind spot when changing lanes, and many other applications.

The technologies that enable platooning are depicted in Figure 2.2. The radar for
ACC measures the relative speed and position to the vehicle ahead but do not know
the intentions. If the vehicle ahead needs to brake hard then the radar would only
detect that as the relative speed grows and relative distance decreases, which could
lead the follower vehicle to be in danger of collision unless the gap is wide enough
allowing the vehicle or driver to react. As humans communicate to understand
each other, vehicles need V2V communication. Through a common protocol, the
vehicles communicate position, speed, acceleration, intentions, etc. to each other
and enables platooning with short intermediate distance. GPS technology delivers
centimeter precision (Sahlholm, 2011). It is therefore a reliable source to measure
the relative distance together with radar measurements, given that the vehicles have
the same GPS satellites on sight. The wireless communication protocol for V2V and
vehicle-to-infrastructure (V2I), together known as V2X, which has advanced the
most is known as ETSI G5 in Europe and is based on wireless local area network
(WLAN) technology. ETSI G5 is licensed in the 5.9 GHz frequency band and is
defined by ETSI. The radar can act as a back up if V2V communication is dropped.
Besides ETSI G5-based V2X technology, there are other technologies, e.g., 4G LTE.
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Figure 2.2: Vehicles in a platoon utilize various sensors in order to maintain a short
intermediate gap, yet safe distance, to reduce the fuel consumption. A vehicle is
equipped with awareness sensors, such as radar, in order to perceive its environment,
V2V antenna to communicate with other vehicles for a better cooperative driving, and
GPS antenna to know its own position.

2.3.2 For Platoon Coordination

In order to coordinate scattered vehicles, a regional or global perception of vehicles’
surroundings is required. Figure 2.3 illustrates the technologies needed to coordinate
vehicles. With GPS equipped in the vehicles, the vehicle can report back to a back-
end o�ce or FMS their current position and other relevant information through
V2I. This information can be stored for later analyzes for the fleet operators and
can also be forwarded to other nearby vehicles. The back-end o�ce can also, by
obtaining the location of the vehicle, send back information regarding the current
tra�c situations and give route suggestions.

2.4 Transport Architecture

In this section, we present a functional architecture for goods transport, which is
inspired from the control architectures by Varaiya (1993); Horowitz and Varaiya
(2000); and Alam (2011). We propose the three-layer hierarchical architecture
depicted in Figure 2.4. The challenge is to deliver goods from one location to
another location focusing on road freight transport. The three layers are (from
top to bottom), mission and transport planner layer (MTPL), vehicle and platoon
coordinator layer (VPCL), and vehicle and inter-vehicle controller layer (VICL). We
describe each layer and their functionalities as well as their inputs and outputs to
neighboring layers. The scope of the work in this thesis is related to the VPCL, i.e.,
the middle layer of Figure 2.4.
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Figure 2.3: Scattered vehicles driving on the road need at least a regional perception
of its environment to be able to make decisions of forming platoons with other vehicles.
Through V2V communication, the vehicles are able to locate other vehicles locally,
through V2I communication, the vehicles are able to locate other vehicles regionally
or globally. V2X communication allows the vehicles to also use services such as map
information, dynamic tra�c information, other vehicles’ position through FMS.

MTPL

Each fleet owner has transport missions to complete. A transport mission is an
assignment to either deliver or pick up goods (or both) from one location to a
di�erent location within a certain time window. Thus, an HDV, starting from an
origin location, has several sub-destinations (each with time limits) and a final
destination (also with a time limit) to transport and pick up goods from. The fleet
owner generally allots the assignments and vehicles to drivers. A delivery could
be an order from a company or from an individual person. Therefore, a transport
mission can be registered days or months before the assignment, but it can also be
added on the fly. Note that the focus of this layer is logistics that can also include
rail, sea, and air transports as a mean to transport the goods. However, we only
focused on describing the task of road freight transport.

With the information of time limits and destinations for each vehicle, the MTPL
sends down this information to the middle layer, the VPCL. Since the information
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Figure 2.4: A three-layer hierarchical functional architecture for goods transport.
The scope of the three layers can be seen as a funnel, where the top layer has the
largest scope and perspective of where and when the goods should be transported and
the bottom layer only focuses on the vehicle itself and its surrounding.

channels are twofold, the MTPL also receives information from the middle layer.
Whenever an assignment or part of an assignment is finished, the MTPL receives
this information to be up-to-date. This also applies when the VPCL cannot fulfill the
assignment. When an assignment cannot be fulfilled, the MTPL has to reiterate its
plan and either reallocate the assignments or give a new time suggestion depending
on the cause of not being able to fulfill the earlier proposed plan. The VPCL can also
suggest new times based on the coordination, which the MTPL can either approve
it or reiterate the plan. When neither of the options are possible, then the transport
mission will certainly be delayed.

VPCL

The task of the VPCL is to coordinate vehicles and platoons such that the transports
are executed with high fuel e�ciency. Given the information regarding each vehicle’s
destinations and time limits from MTPL as well as some vehicle information such as
mass, the VPCL tries to optimize the transports. The optimization problem can be
which route the vehicles should take, which vehicles should form platoons for highest
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fuel savings, how a platoon should handle hilly roads, or many more. The VPCL can
consider both historical tra�c data, as well as real-time information and predictions
when optimizing. When the VPCL cannot fulfill an assignment according to the
constraints, it will inform the MTPL and request for a possible relaxation. The
VPCL might find an optimization solution where the time constraints are almost but
not fulfilled, and the fuel savings are significantly higher due to platoon coordination
possibilities. This information can also be sent back as a suggestion to the MTPL
where it either is approved or disapproved.

The coordination schemes of VPCL are diverse. A coordination does not necessary
mean forming platoons, but can also mean rerouting single vehicles, splitting platoons,
or sorting platoons. The outputs of this layer, that are sent down to the VICL, are
reference speeds, routes to take, and vehicles to platoon with (if such solution was
found). The information that VPCL receives from VICL is vehicle status and issues
regarding the current tra�c. Vehicle status can be whether the vehicle is platooning
or not with the assigned candidate, the time of the tachometer, or updated estimates
of vehicle parameters, such as mass. Tra�c problem, unexpected tra�c jams, or
accident can also be reported. These feedback information are either to keep VPCL
up-to-date or to request for new coordination suggestions.

VICL
Lastly at the bottom layer, in the VICL the vehicle only has its self-interest of
driving fuel e�ciently yet safely. Vehicles in a platoon can communicate through
V2V communication in order to have a better perception of the neighboring vehicles
to drive safer. The VICL obtains speed, route, and vehicles to platoon with which it
tries to fulfill. If the VICL considers that it cannot maintain the speed profile given
by the VPCL, due to physical constraints such as engine properties or sudden tra�c
accident, it will inform VPCL as a vehicle status or tra�c problem, respectively,
and request for a new suggestion from VPCL. Note that the request from VICL
for a new suggestion can go all the way up to MTPL if VPCL cannot find a new
solution.

2.5 Summary

We have now given a brief introduction to ITS. We have presented a few projects
that have been conducted within the ITS that are connected to HDV and fuel
e�ciency. Furthermore, we presented work that have been conducted in vehicle
platooning, from the concept idea by GM’s future vision in 1939 until recent work.
We mentioned the few work that have been studied regarding fuel-e�cient platoon
coordination. We also discussed the technologies that enable both vehicle platooning
and platoon coordination, which are sensors as radar for ACC, V2V to communicate
between vehicles, GPS to locate the position of the vehicles, and V2I to enable a more
regional environment perception and services such as dynamic tra�c information.
Lastly, we proposed a functional architecture for goods transport consisting of
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three hierarchical layers. Starting from top we have mission and transport planner,
followed by vehicle and platoon coordinator, and at bottom we have vehicle and
inter-vehicle controller. The scope of the layers can be seen as a funnel where the
top layer focuses on the global perspective and the bottom layer is an ego-centric
vehicle view. Their tasks are also reflected on the name of the layers, where we have
planner, coordinator, and controller. The work of this thesis is focused on research
within the vehicle and platoon coordinator layer.





Chapter 3

Modeling

“Everything should be made as simple

as possible, but not simpler.”
Albert Einstein

In this chapter, we present models that will serve as a basis for the platoon
coordination analysis. First, we describe the internal forces that is produced by
the engine to the wheels and the external forces acting on a vehicle, resulting in

a vehicle model. We then continue with a fuel model that it is used when comparing
strategies for coordination, followed by analyzing how some few assumptions can
simplify coordination decisions tremendously.

The outline of this chapter is as follows: In Section 3.1 we describe a general
vehicle model followed by a general fuel model in Section 3.2. In Section 3.3 we
present factors that can influence platoon coordination decisions. Lastly, we conclude
this chapter in Section 3.4.

3.1 Vehicle Model

We first describe how the force produced by the engine goes through the driveline
to the wheels, followed by the external longitudinal forces acting on the vehicle, and
combine them for a vehicle model. In this thesis, we consider a longitudinal vehicle
model. A general vehicle model can be found in Gillespie (1992).

3.1.1 Internal Forces

A basic model of a powertrain with the main parts of interests is depicted in 3.1.
The powertrain consists of engine, clutch, gearbox, propeller shaft, final drive, drive
shafts, and wheels.

23
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Figure 3.1: A basic model of a powertrain.

Engine

The engine we consider produces a torque through diesel combustion. Due to the
nonlinear complex internal dynamics of an engine and engine specific properties,
we describe the engine model as a black box that generates torque. From Newton’s
second law of motion, using dot notation to indicate derivatives with respect to
time, we can describe the engine as

J
e

Ê̇
e

= T
e

− T
c

(3.1)

where T
e

is the net torque from the engine generated by the combustion minus the
internal losses and the external load from the clutch T

c

, J
e

is the mass moment of
inertia of the engine including the flywheel, and Ê

e

is the angular velocity of the
flywheel.

The net torque can be obtained through Torque-RPM-Fuel graphs from each
specific engine. An HDV engine has an operational range of 500–2500 RPM with an
optimal operational range of 900–1500 RPM.

Clutch

The clutch is a friction clutch that consists of two frictional discs connecting the
flywheel of the engine with the input shaft of the gearbox. This type of clutch is
commonly used in vehicles with manual gearboxes, with the purpose of decoupling
the engine from the drivetrain to enable gear shifts. The clutch is considered to be
sti�, hence it can be modeled as:

T
g

= T
c

Ê
g

= Ê
c

(3.2)
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where T
g

denotes the torque output from the gearbox, Ê
g

the output angular velocity
from the gearbox, T

c

the torque output from the clutch, and Ê
c

the output angular
velocity from the clutch.

Gearbox

The task of gearbox is to match the engine speed to the wheel speed. The gearbox is
the connection between the clutch and the propeller shaft. It consists of a set of gears
that converts the torque output from the clutch depending on the engaged gear. The
transformation of the gearbox is modeled as a gear ratio i

g

, with each higher gear
having a lower gear ratio. The gear ratio varies with each gearbox specifications. In
each gear engagement, there is a small transmission loss due to frictions and this
is modeled as an e�ciency rate ÷

g

of the gearbox. During a gearshift, the torque
output from the engine is ramped down as the clutch decouples the engine from the
drivetrain, then a new gear is engaged and the clutch couples back the engine as
the engine torque is ramped up again. This process takes in general approximately
one second, hence we can assume that a gearshift occurs instantaneously. Thus it
can be modeled as:

T
p

= i
g

÷
g

T
g

i
g

Ê
p

= Ê
g

(3.3)

where T
p

and Ê
p

denote the torque output and output angular velocity, respectively,
from the propeller shaft.

Propeller shaft

The propeller shaft connects the gearbox with the final drive. The shaft is considered
to be sti� and the frictional losses are negligible, which gives us the following relation:

T
f

= T
p

Ê
f

= Ê
p

(3.4)

where T
p

denotes the torque output and Ê
p

the output angular velocity from the
final drive.

Final drive

The final drive is, like the gearbox, characterized by a conversion ratio i
f

and an
e�ciency ÷

f

. The value of the conversion ratio depends on the main purpose of
using the HDV. By neglecting the inertia, the following relation is established:

T
d

= i
f

÷
f

T
f

i
f

Ê
d

= Ê
f

(3.5)

where T
d

denotes the torque output and Ê
d

the output angular velocity from the
drive shafts.
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Drive shafts

The drive shafts connect the final drive with the wheels. In this model, we assume
that the wheel speed is the same for both wheels, although in reality they di�er
when the vehicle enters a curve. The drive shafts, like propeller shaft, are considered
to be sti� and can therefore be modeled as:

T
w

= T
d

Ê
w

= Ê
d

(3.6)

where T
w

denotes the torque output and Ê
w

the output angular velocity to the
wheels.

Wheels

Lastly, the wheels connect the road with the drive shafts. By assuming no slip on
the contact point between the tires and the ground, the equation of motion for the
wheel can be described as:

J
w

Ê̇
w

= T
w

− T
b

− r
w

F
w

(3.7)

v = r
w

Ê
w

= r
w

Ê
e

i
g

i
f

(3.8)

where J
w

denotes the wheel inertia, r
w

is the wheel radius, v is the vehicle velocity,
and F

w

is the resulting force that drives the vehicle forward. The braking torque T
b

is di�cult to model due to vehicle configurations.

Complete powertrain

By combining Equations (3.1)-(3.8) together, we conclude the first part of the vehicle
model with a complete powertrain equation expressed as:

F
w

= i
g

i
f

÷
g

÷
f

r
w

T
e

− J
w

+ i2
g

i2
f

÷
g

÷
f

J
e

r2
w

v̇ − T
b

= Fengine − Finertia − Fbrake

(3.9)

where the first term denotes the force produced from the engine and the second
term denotes the inner force required for the engine to overcome in order to produce
a driving force.

3.1.2 External Forces
Besides the influence of the powertrain, several external environmental forces a�ect
an HDV in motion. Air drag and roll friction act as resistive forces, the gravity
can either yield to a resistive or assisting force depending on the road topography,
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◊
Froll

FwFairdrag

Fbrake

Fgravity

Figure 3.2: The main longitudinal forces acting on an HDV in motion.

and brakes are considered as a resistive force when applied. The main external
longitudinal forces with sign conventions are depicted in Figure 3.2, with m denoting
the vehicle mass and ◊ the road slope. Each force component will be described,
besides F

w

which has been described above. By applying Netwon’s second law of
motion, we get the following relation:

mv̇ = F
w

− Fbrake − Fairdrag − Froll − Fgravity (3.10)

Air drag

The air drag force has generally a strong impact with higher velocity, this can be
experienced e.g. by biking. Study by Bonnet and Fritz (2000) has shown that the
air drag resistance can be reduced significantly by aligning HDVs close behind each
other as illustrated in Figure 3.3, where the follower vehicle experiences a wind
speed drop and hence the overall air drag force is reduced. The wind speed drop
decays as the distance between the vehicles increases. It is mainly the follower
vehicle that experiences the reduced air drag resistance due to a lowered pressure at
the front. However, the lead vehicle might also experience an overall reduced air
drag if the follower vehicle drives close enough to dissolve the turbulent wake that
occurs behind the lead vehicle.

An overall reduced air drag lowers the fuel consumption for the vehicle. The
reduction in air drag is obtained through an empirical model that is depicted in
Figure 3.4. The air drag force can is modeled as:

Fairdrag = 1
2

c
D

A
a

fl
a

v2Ï(d
r

) (3.11)

where c
D

denotes the air drag coe�cient, A
a

the maximum cross-sectional area of
the vehicle, fl

a

the air density, and Ï(d
r

) denotes the air drag ratio depending on
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Figure 3.3: CFD study of a platoon of two HDVs with di�erent intermediate distances.
The follower vehicle experiences a wind speed drop, which creates an overall reduced
air drag force. The wind speed drop decays as the intermediate distance increases.
(Image provided courtesy of Norrby (2014))
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Figure 3.4: Empirical result of air drag coe�cient of HDV platooning, adopted from
Wolf-Heinrich and Ahmed (1998). The relative distance is the distance to the vehicle
ahead, except for the lead HDV case where it is the distance to the follower vehicle.
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the relative distance d between the vehicles. Figure 3.4 shows the air drag ratio
Ï(d

r

), where the relative distance is the distance to the vehicle ahead, except for
the lead HDV where it is the distance to the vehicle behind.

Roll resistance

The roll resistance force occurs due to the frictional force between the road and the
wheels. The roll resistance force is modeled as:

Froll = c
r

mg cos ◊ (3.12)

where c
r

denotes the roll resistance coe�cient and g the gravitational constant.

Gravity

As an HDV travels along a road, the gravitational force will either be a resistive
or assistive force depending on the road topography. The gravitational force has a
strong influence on the HDV compared to a passenger car due to the large mass.
A small ascent can already force the HDV to decelerate even though the HDV is
driving at full power. Similarly, a small descent can increase the speed of an HDV
without fuel being injected. The gravitational force is given by:

Fgravity =mg sin ◊. (3.13)

Combined equations

By describing the internal and external forces, we can finally derive the vehicle
model as:
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where
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=m + J
w

+ i2
g

i2
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÷
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f
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e

r2
w

(3.15)

is the e�ective mass, which varies depending on the operating gear. The ratio m
t

�m,
also known as mass factor, is about 1.01 for a 40 t HDV with the highest gear
engaged. Nominal vehicle model parameter values are listed in Table A.1.

3.2 Fuel Model

In order to be able to decide whether a platoon coordination should be executed or
not, a fuel model is required. We derive a fuel model based on the work required to
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move an HDV. The work required to move an object is generally known as:

W = � F (t)v(t) dt = � F (s) ds (3.16)

where W denotes the work and F the force. Note that we switched from time domain
to the position domain through the following substitution:

v(t)dt = ds

dt
dt = ds. (3.17)

Studying the fuel cost in position domain is more convenient than in time domain
due to the road topography is position based. Therefore, by knowing the vehicle’s
position and velocity, we can determine the fuel cost.

The force F that is required to move the vehicle forward is the force that is
produced from the engine, which is Fengine that we derived above, which is:

Fengine =m
t

v̇ + k
b

Fbrake + k
a

v2Ï(d
r

) + k
r

cos ◊ + k
g

sin ◊. (3.18)

With an energy conversion factor k
E

, which is based on energy density of diesel and
engine combustion e�ciency, we can obtain the fuel cost denoted as f

c

. However,
note that Fengine can be negative (if the HDV is on a steep descent) but that does
not imply that the vehicle generates free fuel. Therefore, we introduce the indicator
function ”

” = �1 if Fengine > 0
0 otherwise

. (3.19)

We obtain the following fuel cost model:
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(3.20)

We omitted Fbrake due to braking on steep descents implies no fuel cost and is
taken care of by ” and due to that we study coordination to form platoons, hence
braking is not considered. In general from the fuel perspective, not considering
hybrid vehicles, braking is fuel-ine�cient due to all that energy that was produced
by the engine is wasted to slow down or stop the vehicle. Note that acceleration in
position domain corresponds to the following:

v̇ = dv

dt
= dv

dt

ds

ds
= v

dv

ds
. (3.21)
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3.2.1 Model Uncertainties
A model in general does not capture every aspect of the real system due to various
reasons. A complete model of a system would be highly complex and in most cases
not analyzable. Therefore, a model of a system is often modeled according to the
need of the analysis. In our proposed vehicle and fuel model, we are interested to
be able to provide general guidelines when a fuel-e�cient platoon coordination for
HDVs should be executed and that it will lead to great fuel savings. We are not
interested that the vehicles were able to save exactly a few deciliter fuel from a
coordination decision.

Naturally, there are many uncertainties in the proposed models that one should
be aware of. In practice, most of the vehicle parameters vary depending on the
situations. Only the gearbox ratio and the final drive ratio are known to be static.
The wheel radius varies based upon the current air pressure. The friction between the
road surface and tire and the roll resistance vary nonlinearly with tire temperature,
velocity, and road condition. The shafts are flexible where energy are stored when
the shafts are twisted. The inertias and e�ciency rates vary depending on the
temperature and quality of the lubricant. During a transport assignment, the vehicle
mass might change due to loading and unloading cargoes at several destinations with
no proper procedure to weigh the vehicle accurately. Current weather conditions
influence the environmental forces. The engine is very complex, the injected fuel
and net torque output vary based upon engine type, di�erent mode, temperature,
and RPM. Despite the uncertainties, for our purpose, we consider that the proposed
models su�ce.

3.3 Factor A�ecting a Coordination Decision

In order to present general guidelines for fuel-e�cient platoon coordinations, a
deeper understanding of the fuel model and its individual terms are necessary. The
platoon formation we consider in this section is through adjusting speed on the
fly on the highway keeping their original path, and not changing routes. We are
interested in comparing whether a platoon coordination is more fuel e�cient than
maintaining the original profile. Hence, each term in Equation (3.20) can a�ect
a coordination decision. We will now look into each term to see their e�ects on
coordination decisions, we first check with the engine always active (” = 1) for each
term and then check all terms together when the vehicle can coast (” = 0). To
simplify the presentation, we show this for one follower vehicle, but this can easily be
extended to N vehicles (including lead vehicles) by adding the sum of the vehicles’
respectively terms.

3.3.1 Acceleration
It is generally known that harsh accelerations and harsh braking are very fuel
ine�cient. However, if the energy from the acceleration is not wasted for braking,
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then the energy is only converted to kinetic energy which can be utilized for coasting
or to cope an ascent without needing to shift gears. We assume that no braking is
needed, and therefore the energy produced by the engine will be preserved and not
be used for braking. This is more clear when assuming that the engine is always
active and that the initial and final velocities are the same:

� v
dv

ds
ds = � v dv = v2

f

− v2
i

2
= 0. (3.22)

3.3.2 Mass and Road Characteristics
The vehicle mass and the road characteristics a�ect the fuel cost greatly. The heavier
the vehicle is, the higher the fuel consumption will be. Each vehicle has to overcome
the road friction in order to transport the goods. The gravity depending on the road
slope can either be a resistive force which will add on the fuel cost or be an assistive
force which can reduce the fuel cost. For one drive, the fuel cost highly depends on
the mass and road characteristics. However, if we want to be able to decide whether
to coordinate a vehicle to form a platoon on the fly or not, then both the vehicle
mass and the road characteristics persist. Note that the road slope ◊ depends on
the position of the road, and the velocity for coordinating and platooning are not
the same as in maintaining the profile. In Equation (3.23), we see the coordination
and platooning fuel cost contributed from roll resistance and gravity on the LHS.
The RHS is the fuel cost contributed from the same environmental forces when
maintaining the original profile, which is the same cost as the LHS.
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(3.23)

where d
m

denotes the merging distance and d
F

the final distance. This is reasonable,
since the work carried out on an object across the road and slope is the same no
matter how it is done. Therefore, when comparing di�erent strategies on the same
road, the cost generated from vehicle mass and road characteristics is indi�erent.
However, this is not the completely true as the vehicle mass and road slope indirectly
a�ects the fuel cost in form of velocity. This is further discussed in the next section.

3.3.3 Steep Hills
Due to the mass of an HDV and the limit of the engine power, it does not require a
steep ascent for the vehicle to decrease velocity even with maximum engine power.
Similarly for a descent, due to the mass of the vehicle, it will easily start to accelerate.
Figure 3.5 depicts the maximum grade for which an HDV can maintain its current
velocity with maximum engine power and with the highest gear engaged. Figure 3.6
depicts the lowest grade an HDV can maintain its current velocity by coasting with



3.3. Factor A�ecting a Coordination Decision 33

60 65 70 75 80 85 90 95 1000

2

4

6

Speed [km/h]

G
ra

de
[%

]

20 t
40 t
60 t

Figure 3.5: Maximum uphill grade where the HDV can maintain its velocity with
highest gear. It does not require a high uphill grade for the HDV to drop speed with
maximum power on an ascent.
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Figure 3.6: Downhill grade where the HDV can coast at constant velocity with
highest gear engaged. It does not require a low downhill grade for the HDV to start
accelerating on a descent.

the highest gear engaged. These results were obtained using Equation (3.14) and
are similar to Sahlholm (2011). We define a steep ascent as where a HDV cannot
maintain its current velocity with maximum engine power and a steep descent where
the vehicle will accelerate when coasting.

Although it was shown that the work carried out on a vehicle across a road is
indi�erent no matter how it is done, this is only true for the terms of roll resistance
and gravity. However, the total fuel cost if a�ected since the velocity will drop on a
steep ascent and the vehicle will need to change gear in order to climb the ascent.
For a steep descent, the fuel cost is zero due to coasting but the vehicle might need
to brake in order to not overspeed and braking is equal to fuel wasted. This will be
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more discussed in the coming section. Steep hills will also a�ect the possibilities for
platoon coordinations. Steep ascents a�ect coordination decisions negatively as it
will take longer to form platoons due to the velocity drop on the slope while steep
descents will a�ect decisions positively as a vehicle can gain velocity on the descent
as well as no fuel is consumed, if the lead vehicle already has overcome the steep
hills before a coordination decision is made.

3.3.4 Air Drag
The main reason to platoon is to reduce the air drag, which also depends on the
velocity of the vehicle. When a coordination decision is made, a vehicle or platoon
need to adjust its velocity and will therefore a�ect the overall air drag force before
the platoon is formed. Therefore, it is important that fuel cost contributed from
the air drag from coordinating and platooning is lower than from maintaining the
original profile, if a coordination is made. This is described as:
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where the subscript c, p, and m denote coordination, platooning, and maintaining
original profile, respectively. If the LHS is not lower than the RHS, then most likely
will the platoon coordination be more fuel costly.

3.3.5 Coasting
Vehicle coasting allows the vehicle to move forward without applying any fuel due
to the momentum. The vehicle will automatically engine brake, due to the inertia
in the powertrain since the clutch is still engaged, this can be represented as a
negative output torque from the engine. Coasting is best used on a steep descent
where the vehicle will accelerate with the help from the gravitational force. However,
most HDVs have a feature that helps the driver to not overspeed on the descent,
called downhill speed control (DHSC). The DHSC is often used together with cruise
control (CC) or ACC and is often set to +5 km/h above the set speed. When the
vehicle gains speed without injecting fuel and the speed reaches 5 km/h above the
set speed, the DHSC will intervene the vehicle from gaining more speed.

Since coasting is beneficial on steep descents, we analyze how coasting a�ects
coordination decisions. Figure 3.7 illustrates how a speed profile can be when an
HDV is traveling over a steep descent using CC and DHSC. The vehicle starts to
accelerate as it enters the steep descent (point a) through coasting and will keep
accelerating until the speed reaches the DHSC limit (point b). The DHSC keeps the
vehicle from accelerating any further. As the vehicle exits the steep descent (point
c), it keeps coasting back to the set speed (point d) and then continues driving at
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Figure 3.7: Altitude (top) and speed (bottom) profiles of an HDV with CC and
DHSC on a steep descent. The vehicle travels at set speed on the flat road, when it
enters the descent (a) the vehicle starts to accelerate from coasting. The descent is
long enough for the DHSC to activate (b) maintaining the vehicle at constant speed
before exiting the descent (c). The vehicle coasts down to set speed again (d) and
continue driving at set speed on the flat road.

set speed on the flat road. This behavior is similar for any entry speed, but the
points where DHSC intervenes and how far the vehicle will coast will di�er. Note
that there is no fuel cost from point a to point d, and therefore with di�erent slope
entry speed, point d will di�er which a�ects when the fuel is injected again. With
higher entry speed leads to higher resistive force after the slope, which means it will
coast back to set speed faster than with lower entry speed. However, that distance
di�erence is negligible. This can be derived from Equation (3.14) in position domain,
giving us:
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where d
c

denotes the coasting distance (from point c to d) on the flat road after
exiting the steep descent.

Table 3.1 shows the coast distance for di�erent descent entry speeds for a 40 t
HDV with highest gear engaged. The DHSC was set +5 km/h of the set speed. This
was obtained with the parameter values in Table A.1. We can clearly see that the
coast distance does not di�er much with di�erent set speeds. The extra fuel cost of
a few meters, when comparing two di�erent strategies, is negligible when driving
hundreds of kilometers. We therefore can assume that when making a coordination
decision, the coasting have no impact on the decision since the coasting distances
are close to the same.
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Table 3.1: Coast distance for a 40 t HDV with highest gear engaged after exiting a
steep descent with DHSC set to +5 km/h above the set speed.

Initial speed Set speed Coast distance
v

i

[km/h] v
f

[km/h] d
c

[m]
95 90 221
85 80 215
75 70 205

3.4 Summary

We have now derived a vehicle model based on a simple model of the powertrain and
environmental forces acting on a moving HDV. The force produced by the engine,
goes through the clutch, gearbox, propeller shaft, final drive, drive shaft, and finally
out to the wheels. The environmental forces that the engine has to overcome in order
to propel the HDV forward are air drag force, roll resistance force, and gravitational
force. The vehicle model is based on many parameter values, which are listed in
Table A.1. The air drag force can be reduced through platooning. We also derived a
fuel model based on basic the work needed to move an object. To ensure that the
fuel cost do not become negative when vehicle coasting, we introduce ” to prevent
this.

We have also analyzed how each component of the fuel model influence the
possibility of coordinating and forming platoons. We considerd the HDV to adjust its
speed when coordinating, hence it does not reroute its path. We showed that when
comparing di�erent velocity strategies, which is required for coordination on the fly,
many components do not influence a coordination decision. The coasting distance
only di�ers a few meters per steep descent for di�erent strategies which is negligible
when traveling several hundred kilometers. Furthermore, the vehicle mass and road
characteristics do not also influence a coordination decision since the work needed
across the road is the same no matter how it is done. However, steep hills do a�ect
coordination decisions, not in the fuel cost directly but indirectly. Steep ascents
influence the velocity that the vehicle can maintain, which lowers the average speed
making the vehicle take longer before forming platoons. Accelerations are preserved
as kinetic energy as long as brakes are not applied. Braking overall influence the fuel
cost negatively. Therefore, accelerations will also not a�ect coordination decisions.
Lastly, the only term that really influence a coordination decision is the air drag.
This is obvious since that is the term that is reduced when platooning. Therefore
the following inequality must hold in order for a coordination to be beneficial:
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Chapter 4

Fuel-e�cient Catch-up Coordination

“A good decision is based on knowledge

and not on numbers.”
Plato

By establishing HDV platoons, the environmental impacts from road freight
transport can be reduced as well as the fuel consumption. In order to increase
the amount of platoons, both departure rescheduling and coordination are

required. In this thesis, we focus on one of the aspects, namely to coordinate the
vehicles on the fly. This can be done in several ways; either a follower vehicle drives
faster to catch up with a vehicle ahead or the lead vehicle slows down to form a
platoon with the follower vehicle, or a combination of both, or reroute vehicles. In
the first case, the follower vehicle will consume more fuel when speeding up until
the platoon is formed and time is gained. However, for the second case the lead
vehicle loses time without any vehicle consuming more fuel. This is only possible if
the lead vehicle has su�cient amount of time to spare unless the platoon speeds up
after it is formed, but the additional fuel consumption will a�ect for more vehicles.
In this chapter, we look into the possibility for the follower vehicle to catch up with
a lead vehicle. This ensures us that the transportations will not be delayed. The
catch-up decision is based on the proposed fuel model in Equation (3.20), where the
a coordination decision is mainly based on the overall air drag from Equation (3.27).
From this, we derive the break-even ratio where the fuel cost of catching up followed
by platooning is equal to the fuel cost of maintaining the original velocity profile.
This ratio defines a range of interest, which indicates how far ahead a vehicle should
look for candidate vehicles to catch up with, as depicted in Figure 4.1. We also study
how sensitive the break-even ratio is to errors. Lastly, we compare our results of
fuel saving with our proposed fuel model to a more sophisticated simulation model.

The outline of this chapter is as follows: In Section 4.1 we will describe our
catch-up coordination and derive the break-even ratio. We continue with discussing
the potential savings with catching up. A sensitivity analysis is conducted in order
to investigate how robust the catch up is from uncertainties, this is described

37
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Figure 4.1: Cones of fuel-saving potentials if the HDV decides to catch up and form
platoon. The largest cone shows the break-even ratio; there are no fuel savings beyond
that cone. The cones are for illustrative purpose only, in theory it should represent
distance along the vehicle’s path.

in Section 4.2. In Section 4.3, we evaluate the results with a more sophisticated
simulation model and finally summarize the chapter in Section 4.4.

4.1 Catch-up Coordination Scheme

It is not evident how coordination of scattered vehicles on a road network should be
executed. For simplicity, we first analyze how coordination should be done between
two vehicles on the same road. In order to ensure that the transport delivery arrives
in time, we analyze the possibility for a follower vehicle to catch up to a vehicle
ahead. The follower vehicle will consume more fuel during the catch-up phase but
will gain back the loss when platooning, hence there will be a trade-o� when it is
beneficial to coordinate. We are mainly interested in giving guidelines when a platoon
coordination should be performed. We will assume di�erent constant velocities during
the catch up and platooning phases, and we will consider instantaneous velocity
changes. We are interested to fulfill this fuel cost (contributed from the air drag
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where the total fuel cost of coordination and platooning should be lower than the
fuel cost of maintaining the original profile. As a reminder, v denotes the velocity, Ï
the air drag ratio, subscripts c, p, and m denotes catch up, platooning, and maintain
original profile, respectively, and d

F

the distance to destination. We will assume
that both vehicles have the same destination. In practice, d

F

does not need to be
the destination but the splitting point where the platoon will split. Furthermore, if
the follower vehicle continues after the split, it can reduce its speed and still arrive
to destination on time due to the speed up and save additional fuel. For simplicity,
we assume a fixed value of air drag ratio Ï instead of varying Ï(d

r

) depending on
the relative distance.

4.1.1 Break-even Ratio
To decide when it is beneficial for the follower HDV to catch up with one or more
HDVs ahead, we derive the break-even ratio. We first consider one vehicle catching
up and then the general case with several vehicles catching up. With the assumptions
that the velocities in Equation (4.2) are constant, we get the following inequality:
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Note that Ï
c

= Ï
m

= 1 from driving alone and that v
p

is the velocity of the vehicle
ahead that we will follow once the platoon is formed. Furthermore, we define a
catch-up velocity to be higher than the original velocity profile and higher than
the velocity of the vehicle ahead (the platoon velocity) in order for a catch up and
merge to be possible, hence v

c

> v
m

and v
c

> v
p

. The distance between the vehicles,
drel, depicted in Figure 4.2, can be expressed as:
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which we obtain the following relation:
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This gives us a catch-up condition for when it is beneficial to catch up to the vehicle
ahead. We define equality of Equation (4.4) as the break-even ratio where the fuel
cost of catching up followed by platooning is the same as the fuel cost of maintaining
original profile.
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Figure 4.2: The velocity of the follower HDV when driving alone is vm. vp denotes
the velocity of the platoon ahead, drel the current distance between the follower and
lead vehicles, dF denotes the destination distance for the follower HDV (assuming that
both the HDVs and platoon have the same destination), and dm the distance to the
merging point (red X) when the follower vehicle speeds up to vc.

This can be extended to N vehicles, already in a platoon, catching up. From
Equation (4.2), we get:
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For simplicity, we assume that only the lead chasing vehicle will obtain additional
air drag reduction when the platoon is formed and the other vehicles’ air drag
reduction remain. Therefore the reduced air drag are the same during catch up as
in maintaining original profile:
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hence we obtain:
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which is the same expression as in Equation (4.2). Note that Ï̃
p

< 1. We will therefore
continue with the case of one HDV catching up for presentation purpose, but as
showed, it can be applied for several HDVs catching up.

If we assume that both the lead and follower vehicles drive at the same speed,
v

m

= v
p

then Equation (4.4) can be written as:
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Figure 4.3: Break-even ratio surface with respect to the air drag reduction (1 −Ïp)
and increased speed, rv. If the ratio dF �drel lies above the surface, then there is
fuel-saving potential by catching up the platoon ahead.

where r
v

= v
c

�v
p

> 1. With this, the theoretical break-even ratio can be plotted as
the surface illustrated in Figure 4.3. If the ratio d

F

�drel lies above the surface, then
there is an incentive to catch up to the platoon ahead and form a bigger platoon.
This, in practice, tells us how far ahead one vehicle should consider other vehicles
for forming platoons, given the distance to the destination. The candidate vehicles
will not necessary have the same destination and will probably exit the route at
an earlier stage. By evaluating the break-even ratio based on the final destination,
current speed (which can be assumed to be the platooning speed also), the preferred
catch-up speed, and preferred platooning distance (which then can be converted into
air drag ratio), we get our range of interest as in Figure 4.1. Then for each vehicle
candidates within the distance of interest, we calculate the fuel savings potentials
and catch up with a beneficial candidate. The break-even ratio will tell us that it
no longer will be any beneficial coordination to be made by looking further ahead.

4.1.2 Fuel-saving Potentials

The break-even ratio only indicates that there are potential savings if vehicles are
within the range, but does not indicate the actual amount of savings. Obviously, the
closer the vehicle is, the higher fuel saving. In order to investigate the fuel savings,
we study how much we are able to lower the air drag force compared to the original
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Figure 4.4: Â̄ with regard to di�erent Ïp and a fixed velocity increase. Depending on
how far the follower HDV will travel (normalized with the current distance between
the HDVs), if Â̄ < 1 then it will be beneficial to perform a catch-up action and merge
into a platoon.

profile. We introduce the term Â̄ as the average air drag ratio normalized with
Fairdrag(vm

) as:

Â̄ = v2
c

d
m

+ v2
p

Ï
p
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m
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= drel
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F
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v

−Ï
p
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(4.9)

with the assumption that v
p

= v
m

. If Â̄ < 1 then we have lowered the overall air
drag compared to the original profile, this is equivalent to fulfilling the inequality in
Equation (4.8). The longer the vehicle can drive in a platoon, the smaller Â̄ becomes,
this corresponds to a low value of drel and a high value of d

F

. Note that Â̄ converges
to Ï

p

when d
F

goes to infinity for a fixed finite drel or as drel goes to zero. This
basically means that the vehicles platoon from start to destination. How Â̄ varies
with regard to the destination distance d

F

(assuming fixed drel) and with varying
Ï

p

and r
v

are depicted in Figure 4.4 and Figure 4.5, respectively.
In Figure 4.4, we have plotted how Â̄ varies for di�erent values of Ï

p

and a
fixed relative velocity increase r

v

when a catch-up action is made. Initially Â̄ is
high due to that the catch-up phase is a loss. When d

F

�drel = 7, the follower vehicle
has joined the platoon and Â̄ starts to decrease thereafter. The decrease varies
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Figure 4.5: Â̄ with regard di�erent velocity increases and a fixed Ïp. Depending on
how far the follower HDV will travel (normalized with the current distance between
the HDVs), if Â̄ < 1 then it will be beneficial to perform a catch-up action and merge
into a platoon.

depending on the value of Ï
p

. The lower Ï
p

, the higher air drag reduction, which
means the quicker the follower vehicle will start to save fuel and the more it will
save throughout the traveled distance. The Â̄ converges to Ï

p

when d
F

goes to
infinity. The break-even ratio can be obtained at Â̄ = 1. A similar plot is shown in
Figure 4.5, but now Ï

p

is fixed and r
v

varies. The choice of 32 % air drag reduction
(Ï

p

= 0.68) corresponds to 10 m intermediate distance between the vehicles with
reducing 20 % of the air drag reduction to compensate for side winds (Alam, 2011).
The di�erent initial values of Â̄ is due to the increased relative velocity (squared)
from Fairdrag(v). The higher the catch-up velocity is, the quicker the vehicle will
catch up the platoon and the sooner it starts to save fuel. The conclusion that can
be drawn from Figure 4.4 and Figure 4.5 is that the lower Ï

p

is and the higher r
v

is, the faster Â̄ converges, which means more fuel-saving potentials.
If we consider a 40 t HDV driving on a typical Swedish road at 80 km/h, then

23 % of the fuel energy is used to overcome the air drag and the rest on powertrain
friction, roll resistance, and gravity. For a lighter vehicle, the air drag plays a bigger
role. However, if the HDV was driving in a platoon already and has an air drag
reduction of 32 % (Ï

p

= 0.68), then the HDV would reduce its fuel consumption
with 7.4 % compared to driving alone. If the HDVs were however scattered, then
the fuel saving can be anywhere between 0 % and 7.4 % depending on how far they
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are separated initially and how far the HDVs will travel together.
Generally an HDV driver is allowed to drive 4.5 h in Europe without break. Now

assume that two HDVs of 40 t each started driving at the same time at 80 km/h
with a position di�erence of 10 km and they have the destination 340 km and 350 km
away, respectively. Assume that the driver of the follower HDV allows a catch-up
speed of 90 km/h (r

v

= 1.125) and that the air drag reduction is 32 % for the follower
HDV once they have formed a platoon. This will give us the break-even ratio 16.5,
that is the destination should be 16.5 times longer than the distance between the
HDVs, furthermore we have d

F

�drel = 35 > 16.5 and Â̄ = 0.83. Since the left side
of Equation (4.8) is larger than the right side, then the lead HDV is within the
largest cone of the follower HDV in Figure 4.1. Furthermore Â̄ < 1, which means that
there are benefits of catching up, therefore if the follower HDV drives at 90 km/h,
it will take 1 h to catch up and would have traveled 90 km before catching up and
merging. The remaining 260 km will be driven in a platoon at 80 km/h. The average
normalized air drag is 83 % compared to driving alone at 80 km/h. Hence, by driving
90 km/h to catch up an HDV ahead and platoon at 80 km/h will give us a fuel
saving of 3.9 % compared to driving 80 km/h alone the whole route of 350 km.

4.1.3 Optimal Catch-up Speed
It has been shown that a catch-up decision can lead to fuel savings if the distance
ratio d

F

�drel is large enough. The velocity and the air drag ratio also matters. From
Figure 4.5, it might seem that the higher relative velocity r

v

the vehicle has the faster
Â̄ goes below 1. However, that is not true, there is an optimal catch-up speed that
depends on Ï

p

. This can be found by finding the minimum value of rv

rv−1(r2
v

−Ï
p

),
where both Equation (4.8) and (4.9) contain that term. The minimum point, hence
the optimal catch-up speed, is described by:

2r3
v

− 3r2
v

+Ï
p

= 0 (4.10)

with 0 ≤ Ï
p

≤ 1, Equation (4.10) only has one solution, which is depicted in
Figure 4.6. This optimum gives us the minimum break-even ratio value and the
minimum normalized air drag. However in most cases in practice, only a speed
increase of 10–15 % is possible given speed limits and vehicle constraints.

4.2 Sensitivity Analysis

To study how robust these obtained results are, a sensitivity analysis is made for the
break-even ratio as well as for the average normalized air drag ratio. In both cases,
all parameters were fixed to obtain the nominal value. We perturbed one parameter
at the time to see how much deviations were needed in order for the nominal value
to deviate ±2, 5, and 10 %.

For analyzing the robustness of the break-even ratio, we use Equation (4.4). Four
parameters can be varied: v

m

, v
c

, v
p

and Ï
p

. One parameter at a time varies until
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Figure 4.6: This plot shows the most beneficial r∗v to catch up with respect to Ïp.

Table 4.1: Perturbations allowed for one parameter at a time to have a ±2, 5 and 10 %
deviation of the ratio dF �drel, with the nominal values: vm = 80 km/h, vc = 90 km/h,
vp = 80 km/h, and Ïp = 0.68.

d
F

�drel −10 % −5 % −2 % +2 % +5 % +10 %
v

m

1.8 % 0.8 % 0.3 % −0.3 % −0.8 % −1.5 %
v

c

4 % 1.6 % 0.6 % −0.5 % −1.2 % −2.1 %
v

p

−1.1 % −0.5 % −0.2 % 0.2 % 0.5 % 0.9 %
Ï

p

−13.2 % −4.4 % −1.5 % 2.9 % 5.9 % 8.8 %

the nominal value deviates with ±2, 5, and 10 %. The nominal parameter values that
is used are v

a

= 80 km/h, v
c

= 90 km/h, v
p

= 80 km/h and Ï
p

= 0.68, which gives
us a nominal value of 16.5. The results are shown in Table 4.1. The table shows
that the break-even ratio is sensitive to velocity perturbations, hence the velocities
must be accurate. The most sensitive part is v

p

, which is almost linear and this
tells that it is better to overestimate the current speed of the HDV ahead than
underestimating it in order to not give a false positive catch-up decision. The same
thing applies for Ï

p

; it is better to overestimate the Ï
p

value than underestimating
it, which means that the air drag reduction is more than what you estimated. It
is good that the break-even ratio is least sensitive to the air drag ratio, since in
reality the air drag reduction might be di�cult to estimate. However, for our own
HDV speed v

c

(catch up speed) and v
m

(maintain original speed profile), it would
be better to underestimate them rather than overestimating them. Notice that
v

c

�v
m

= 1.125 which is only a 12.5 % velocity increase. This means that a small
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Table 4.2: Perturbations allowed for one parameter at a time to have a ±2, 5 and
10 % deviation of Â̄, with the nominal values: rv = 90�80, Ïp = 0.68 and dF �drel = 40.

Â̄ −10 % −5 % −2 % +2 % +5 % +10 %
r

v

3.9 % 1.6 % 0.5 % −0.6 % −1.2 % −2.2 %
d

F

�drel −10 % −5 % −2 % 2.1 % 5.1 % 10.1 %
Ï

p

8.6 % 4.3 % 1.7 % −1.8 % −4.4 % −8.7 %

velocity perturbation a�ect the break-even ratio greatly due to the small span. The
distance to the destination d

F

and the distance between the vehicles drel can also
be perturbed. This would mean a proportional deviation on the break-even ratio
for d

F

and inverse proportional to drel. Hence, it is better to underestimate d
F

and
overestimate drel in order to avoid false positive catch-up decisions.

For the average normalized air drag ratio Â̄, we use Equation (4.9). Three
parameters were varied. One at a time until the nominal value deviated with ±2, 5,
and 10 %. The nominal parameter values were r

v

= 90�80, Ï
p

= 0.68 and d
F

�drel = 40,
which gave a nominal value of 211.5. The results are shown in Table 4.2. The table
shows that the average normalized air drag ratio is least sensitive to d

F

�drel and
most sensitive to r

v

. This again tells us that the velocities v
c

and v
m

= v
p

must be
accurate. The sensitivity is linear in d

F

�drel and Ï
p

. It is better to overestimate
d

F

�drel while it is better to underestimate r
v

and Ï
p

in order to not give false
positive catch up decisions. For a 40 t HDV, the air drag constitutes 23 % of the
total force on a typical Swedish road, which means that a deviation of 10 % from the
nominal Â̄ would mean a fuel reduction deviation of 2.3 % from the nominal value.
This indicates that the fuel reduction is not as sensitive. For a heavier vehicle, the
air drag consists of even less compared to a lighter vehicle, which means that the
fuel reduction is less. This also means that the heavier vehicle is even less sensitive
for perturbations on the fuel reduction potentials.

4.3 Simulation Evaluation

To verify our approach, we compare our results with an advanced and verified model
that is used in Scania; the same simulation tool was used in Alam (2011). The setup
for the model was a 40 t HDV with a vehicle configuration of 4 × 2 and a 420 hp
engine with a 12 speed gearbox. We simulated on two road profiles; a flat road
and the road between Södertälje and Jönköping in Sweden, which is approximately
280 km long. Instead of simulating an HDV driving faster to catch up another HDV
for di�erent distance ratio d

F

�drel, we simplified the process by simulating with
three di�erent profiles as follows:

Profile 1) CC set speed 80 km/h

Profile 2) CC set speed 80 km/h with 32 % air drag reduction
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Profile 3) CC set speed 90 km/h

All three profiles had a DHSC set to +5 km/h and we obtained the fuel cost for all
profiles. We then derived the fuel saving using those three profiles. We set an initial
relative distance that gives us the distance ratio d

F

�drel, we simulated both profile
1 and profile 3 given the relative distance, checked when they would meet, and then
switched profile 3 (catching up) to profile 2 (platooning with air drag reduction) till
the destination. We used the fuel cost from their respective parts of the profile and
then compared it to the fuel cost of profile 1.

Flat Road
On a flat road, the air drag force constitute 41.5 % of the fuel cost, the other 58.5 %
is contributed by the roll resistance. Since our approach only derives the normalized
average air drag ratio, the fuel cost has to be estimated. We multiply our normalized
average air drag ratio with the air drag distribution for 80 km/h to get a fuel
cost estimate. Figure 4.7 depicts the normalized fuel consumption of a catch-up
coordination compared to maintaining constant speed with di�erent d

F

�drel values.
Note that the higher value of d

F

�drel, the closer the initial relative distance is when
a catch up is executed.

We can note that our simplified model (blue solid line) has a slight o�set from
the fuel cost of the advanced model (green dashed line). The bigger gap in the
beginning is due to that the air drag force constitute more of the fuel cost at 90 km/h
than 80 km/h which is not compensated, however the break-even ratio would not
be a�ected with a compensation. We also note that the break-even ratios di�er
noticeably, 17 compared to 20. This is mainly due to the parameters of the advanced
model. A similar simulation was done in Liang et al. (2013) on a flat road with
di�erent engine type and parameters, and those result almost matched perfectly
for 40 t HDV. This suggests that the potential fuel savings depend on engine type.
Di�erent engine types run in di�erent operating points and modes although the
vehicle might drive at the same speed. In order to avoid the dependency of engine
types, we checked the energy consumption (torque and engine speed). The result is
depicted in Figure 4.7 (red dotted line) where we can see that our simplified model
are closer compared to the fuel case. The break-even ratio di�erence is less than a
unit. Unlike the fuel of the advanced model, the energy calculation in the advanced
model neglects e�ciencies, gear ratios, and engine and drivetrain losses. Therefore,
the energy is a more fair comparison with our simplified model approach.

Södertälje and Jönköping
Figure 4.8 shows the road profile, the velocity profile with CC set speed of 80 km/h,
and the force distribution of the fuel cost along the road from the velocity profile.
Note that gravity acts as an assistive force on descents, hence the negative value.
In the figure, for negative gravity force values, it covers the distribution between
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Figure 4.7: The normalized fuel and energy consumption from an advanced simulation
model compared to simplified model when a 40 t HDV catches up another HDV ahead
on a flat road compared to if the follower HDV had not done the action. The parameters
were vm = 80 km/h, vc = 90 km/h, vp = 80 km/h, and Ïp = 0.68. The air drag force and
roll resistance force constitute of 41.5 % and 58.5 %, respectively, at 80 km/h.

Table 4.3: Distribution of the fuel cost contributed by the longitudinal environmental
forces for a 40 t driving at 80 km/h between Södertälje and Jönköping in Sweden. The
gravity acts as an assistive force on descents, which lowers the overall contribution to
the fuel cost.

Forces %
Gravity 4.3

Roll resistance 57.4
Air drag 38.3

the air drag and gravity. The values are normalized to the maximum value of the
total force, which is at position 2 km. We can see that the blue area above and
below zero are about the same and that the green area dominates over the red area.
This is directly reflected to the force distribution listed in Table 4.3, which is an
average value of the whole profile. We see that the air drag represents 38.3 % of the
total fuel cost. The normalized air drag reduction we obtain from our approach are
then multiplied with the air drag contribution to get an estimate of the fuel cost.
A zoomed-in figure between position 100 and 140 km are shown in Figure 4.9. The
results for a catch-up coordination on a real profile are depicted in Figure 4.10.
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Figure 4.8: A road profile between Södertälje and Jönköping in Sweden. Top: altitude
profile. Middle: velocity profile. Bottom: The normalized external force distribution of
the fuel cost contributed by the longitudinal forces. The gravity can be an assistive
force, hence the negative value. The first peak at 2 km is equal to 1, which is the
normalized reference value.
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Figure 4.9: Zoomed-in plots of Figure 4.8 between 100 and 140 km. Note that on
position 110 and 115 km, the vehicle is coasting from the steep descent, hence no fuel
is injected and no contribution from the environmental forces. The legend is the same
as in Figure 4.8.
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Figure 4.10: The normalized fuel and energy consumption from an advanced simu-
lation model compared to our approach when a 40 t HDV catches up another HDV
ahead compared to if the follower HDV had not done the action. The parameters were
vm = 80 km/h, vc = 90 km/h, vp = 80 km/h, and Ïp = 0.68. Note that our approach
results in air drag reduction, which is then estimated to fuel savings with the help of
Table 4.3.

We see that the results are almost the same as on the flat road case. The fuel
cost for our approach for flat road and real profile only di�ers with a factor from the
air drag contribution, otherwise they are identical. We can note for the advanced
model, the fuel and energy cost for low values of d

F

�drel and the break-even ratio
and the final value are almost the same. This proves our assumptions we made in
Section 3.3, that accelerations, road topography, and coasting do not matter (or
have small impact) when comparing di�erent coordination strategies on the same
road. The dominant factor is the potential to reduce the overall average air drag. As
in the flat road case, the break-even ratio for our simplified model approach di�ers
from the fuel cost of advanced model but is very close to the energy cost. To ensure
that our approach does not give false-positive results, we can add a threshold to
pass.

4.4 Summary

We have proposed a method for platoon coordination by letting a follower vehicle
drive faster and catch up with a lead vehicle. This is an approach to increase the
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amount of platoons on the highway since many HDVs do not have the same origin,
destination, and time limits. The vehicle will however consume more fuel during the
catch-up phase, but will be compensated with the lowered air drag when platooning.
If the vehicle can platoon long enough, there will be fuel saved compared to not
having done the catch-up action. How large the fuel savings are depends on the
initial distance between the HDVs and the distance to the destination. An example
was given where we showed that a fuel saving potential of 4 % can be obtained by a
coordinated catch-up strategy.

Furthermore, we calculated the average air drag force Â̄ a catch-up coordination
would yield to. If Â̄ < 1, then there will be a benefit of catching up. One might
however add a threshold on Â̄ in order to not give a false positive catch-up decision
and ensure fuel savings due to the uncertainties in the air drag force in practice.
Furthermore, given the sensitivity analysis, the break-even ratio and fuel savings are
sensitive to speed uncertainties and this is not of a surprise when a catch-up speed
is in the range of 10–15 % increment, which is a small span. We have also compared
our results with a more sophisticated simulation model, both on a flat road and a
real road profile. The results showed, as we assumed in Chapter 3, that accelerations,
road topography, and coasting have almost no e�ects on the fuel savings when
comparing di�erent profiles on the same road. The results of the sophisticated
simulation model showed the same trends of fuel savings as our approach. Thus,
the bottom line is that a catch-up coordination is a potential platoon coordination
scheme to increase the amount of platoons on highway.



Chapter 5

Coordinated Route Optimization

“The question of whether Machines Can Think...

is about as relevant as the question of

whether Submarines Can Swim.”
Edsger W. Dijkstra

Vehicle platooning has been recognized to reduce the fuel consumption for
the follower vehicle due to the reduced air drag. Nevertheless, vehicles do
naturally not have the same origins and destinations, making it di�cult to

platoon as much as possible without any intelligent coordination system. A catch-up
coordination, where the follower vehicle drives faster to form a platoon with the
vehicle ahead, has shown to be a potential coordination scheme to increase the
amount of HDV platoons on road as well as decrease the overall fuel consumption
for the follower vehicle. However, in practice, vehicles travel not on a single road
but on a road network meaning that there are incoming and outgoing vehicles. Also,
a fuel-optimal path for a single vehicle is not necessary the fuel-optimal path when
considering platooning possibilities with other vehicles. These could a�ect how a
catch-up coordination should be executed and is not evident how formation and
routing should be executed on a road network.

In this chapter, we further extend the idea of catch-up coordination into a road
network. In order for HDVs to coordinate and form platoons with each other on a
network, a regional or global perception of the neighborhood is needed. Due to the
computational complexity of a global solution, we propose virtual controllers placed
at major junctions. The controller receives information from incoming vehicles of
their position, speed, and destination. With these information, the controller can
decide whether a catch-up coordination should be executed when it is feasible and
sends back new speed and path suggestion in order for the vehicles to form a platoon
at the junction and take the route that would benefit the fuel savings of platooning
as much as possible. We have simulated this on a simplified graph of the German
autobahn network for di�erent amount of HDVs on the network to analyze the
potential fuel savings.

53
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The outline of this chapter is as follows: In Section 5.1 we model a road network
as a graph with vehicles moving between vertices. We describe our proposed virtual
controller and how the fuel-optimal path for a platoon is computed in Section 5.2. In
Section 5.3, we evaluate our proposed controller on a German network representation
with increasing number of vehicles on the network. Lastly, we summarize the chapter
in Section 5.4.

5.1 Model Representations on Graph

We model a given road network as a graph G = (V,E), where the edges E represent
the road segments in the network and the vertices V are nodes connecting the road
segments. We define a vertex ‹ ∈ V with more than two connecting road segments
as a junction. We assume that the edges e ∈ E all have unit length, any longer edges
in an initial graph can be subdivided to satisfy this assumption. The vertices V
represent possible locations of HDVs when traveling through the network. Naturally,
the vehicles are continously traveling across the road segments in reality. However,
this is equally valid, as well as it is much easier to handle computationally, and
provides a platoon indicator. If two HDVs are at vertex ‹

i

at time t and are at
an adjacent vertex v

j

at the next time step t + 1, then we consider them to have
platooned over the edge e

ij

. In this chapter, we assume that the follower vehicles in
a platoon saves 10 % of the fuel spent when traveling alone over the edge e

ij

. Note
that we reduce the fuel cost and not the air drag and that in our network, the roads
are considered to be flat and the HDVs are not represented with a vehicle model
but as a massless point.

For each HDV T in the road network, we can assign a starting location S
T

∈ V
and a destination D

T

∈ V. We want the vehicles to platoon as much as possible in
order to minimize the total fuel cost, while ensuring all HDVs reach their destinations
on time. To project reality, HDV drivers will not go significantly out of their way
in order to platoon with others, therefore an additional constraint on the solution
space is needed. If T (S

T

, D
T

) is the time required to travel the shortest path from
S

T

to D
T

, we ensure T does not travel more time than T (S
T

, D
T

) + c
T

. For the
majority of this chapter, we consider c

T

= 0. For further simplicity, we assume that
it takes one unit of time to travel between adjacent vertices. Therefore vehicles will
travel at a unit speed, except when the virtual controller advises a vehicle to speed
up to form a platoon. Additionally, we consider a simplified fuel model as:

f
cs

= v2d (5.1)

where v is the velocity and d is the driven distance. Note that the fuel cost over an
edge is a unit fuel cost due to the unit speed and unit length assumptions, unless
the vehicle is speeding up.
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Figure 5.1: An HDV and a platoon approaching a regional virtual controller at a
road junction. The controller can advise the vehicles to form a larger platoon if it is
feasible.

5.2 Coordinated HDV Platooning

To be able to extend the catch-up coordination scheme into a road network, the
vehicles need more than local awareness of the environment. By proposing virtual
controller on junctions on the road network, the controller can inform incoming
vehicles about the other incoming vehicles. This introduces a regional perception of
the surrounding vehicles.

5.2.1 Regional Platoon Coordination Controller
A global controller attempting to coordinate the timing and routes of every HDV
in a real-world scenario is beyond current capabilities, not only because no such
controller exists, but also because coordinating every vehicle in a network centrally
is computationally intractable. We therefore simplify the problem considerably by
distributing controllers at junctions in the road network. Consider the scenario in
Figure 5.1, with an incoming HDV and an incoming platoon of two HDVs approaching
a junction where they could possibly form a larger platoon. The outgoing HDV
is not considered. The controller receives information from the vehicles of their
current location, speed, and destination. The controller then decides whether the
single HDV should adjust its speed to form a platoon at the intersection or keep
traveling alone. We define this as "regional controller problem". By placing regional
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When a Vehicle T0
Approaches Regional

Controller

Receive T0’s Position,
Velocity, and Destination

Can Other
Approaching
Vehicles Ti

Feasibly
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Are Savings
More than Cost?

Inform Vehicles Ti to
Adjust Speed

yes

no

no

yes

Figure 5.2: Flowchart of the proposed regional virtual controller’s logic. The controller
decides which vehicles should platoon on the junction based on their position, speed,
and destination.

virtual controllers at junctions, our method can coordinate fuel-e�cient platoons in
a distributed fashion while only slightly altering an HDV’s route.

A flowchart of the regional controller’s logic can be found in Figure 5.2. As an
HDV T0 approaches a junction, the controller must know the current speed, location,
and destination of T0 and any other approaching vehicles T

i

. If any of the vehicles T
i

can feasibly adjust their speeds to meet without violating speed limits, and the fuel
savings from platooning after the junction is greater than the fuel cost of adjusting
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speeds to meet at the junction, then the controller informs the HDVs to modify their
speeds. If the approaching vehicle T0 cannot platoon with any other vehicle T

i

, then
the controller adds T0 to the set of approaching vehicles in case feasible platoon
coordination opportunities exist later. Once a vehicle has passed the junction, it
is removed from the consideration. Although we consider catch-up coordination, it
is possible for the controller to allow vehicles to slow down, but this has not been
evaluated in this thesis. Also, we only consider single vehicles increasing their speed
to form platoons; the cost of increasing speed of multiple vehicles would rarely be
beneficial. If platoons did speed up to catch another vehicle, all vehicles would incur
additional fuel costs but only one would eventually receive aerodynamic savings. We
also do not consider the possibility of splitting existing platoons so a given vehicle
can increase its speed to form a platoon in the future. Furthermore, we only consider
vehicles taking routes that are the same time as the time required to travel their
shortest path, i.e. c

T

= 0, with the exception in Section 5.3.3.

5.2.2 Shortest Path vs. Fuel-optimal Path
To find the shortest path and fuel-optimal path for a single HDV on a network is
fairly straightforward. However, when considering the possibility to platoon with
other vehicles, then the fuel-optimal path for a single vehicle no longer need to
be the most fuel-optimal path. The vehicle might take a small detour in order to
obtain great fuel saving benefits. Consider the map of Germany in Figure 5.3, where
two HDVs are approaching a junction (denoted by the square) and each HDV has
a di�erent destination (denoted by the stars). We assume that if the HDVs were
independent, they would each take their respective shortest paths in Figure 5.3a.
However, if one HDV would slightly adjust its speed so both vehicles arrive at
the junction at the same time, they would form a platoon. The regional controller
must decide if the additional fuel required to form the platoon is less than the fuel
savings from platooning. Assuming that the regional controller has access to all-pairs
shortest path matrix D(i, j), it can quickly determine the most fuel-e�cient path for
the HDVs, comparing at most �V � values in Algorithm 1. We can see in Figure 5.3b
that the fuel-optimal routes returned from Algorithm 1 can allow for considerable
fuel savings.

If the fuel savings from platooning are more than the cost of forming the platoon,
the controller can advise the vehicles to form a platoon. For two HDVs approaching
a junction, let v1 and v2 be their respective velocity and let d1 and d2 be their
respective distance to the junction and assume that HDV 1 has to speed up to form
a platoon. For the platoon to be formed, HDV 1 will increase its speed with an
additional fuel cost of:

�v1 = d1
d2

v2 − v1

�f
cs,1 = d1 ��d1

d2
v2�2 − v2

1�
(5.2)
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Figure 5.3: Two HDVs taking their shortest paths (left) versus the fuel-optimal path
using platooning (right). Square indicates the starting location and star the destination.

Algorithm 1: Pseudocode for the savings calculation in Figure 5.2 for two
HDVs.

Input A starting node S and two destinations D1, D2, and the matrix F(i, j)
with entries corresponding to the fuel required to go from i to j;
Output The node where the platoon should split N

s

and the savings SV ;
Start:
N

s

← S; Best← F(S, D1) +F(S, D2);
c

i

← 0 ∀i;
for ‹ in V do

if ((2 − ÷)F(S, ‹) +F(‹, D1) +F(‹, D2) < Best) &(F(S, ‹) +F(‹, D1) ≤ F(S, D1) + c1) &(F(S, ‹) +F(‹, D2) ≤ F(S, D2) + c2) then
N

s

← ‹;
Best← (2 − ÷)F(S, ‹) +F(‹, D1) +F(‹, D2);
Update c1 or c2 if needed;

end
end
SV = F(S, D1) +F(S, D2) −Best;

If �f
cs,1 is less than the fuel savings from platooning SV from Algorithm 1, then

the platoon should be formed. Note that Algorithm 1 assumes that vehicles arrive
at the junction at the same time. The regional controller therefore compares if the
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fuel savings SV is more than the fuel cost �f
cs,1. The controller advises the HDVs

to form a platoon if SV > �f
cs,1. We adopt the convention that D(i, j), T (i, j),

and F(i, j) are given in per units as we have assumed that edges have unit length,
traveling across an edge takes unit time, and the corresponding fuel cost is one unit.
Hence, these parameters can be used interchangeably.

5.2.3 Control for More Than Two HDVs
We have shown how the fuel-optimal path can be found for two HDVs approaching a
junction. In order to apply this on a large-scale network, we must extend Algorithm 1
to apply for more than two vehicles approaching a junction. We mentioned above
when two HDVs are approaching a junction, then at most �V � quantities must be
examined to find the fuel-optimal path. However, if N HDVs are approaching the
same junction, computing the optimal platooning path requires exponentially more
comparisons. We therefore introduce a fast heuristic that closely approximates the
optimal paths. For N HDVs approaching a controller, finding a fuel-e�cient path
can be broken down into �N2 � pairwise decision problems, which can quickly be
solved by Algorithm 1. If no pair of HDVs has platooning savings that outweigh
the cost of formation, no controller action is taken. Otherwise, the pair of HDVs
that gains the largest savings forms a platoon and is considered as one unit. This
process is repeated with �N−1

2 � pairs of HDVs and continues until every vehicle is
assigned to a platoon, or none of the pairwise savings from Algorithm 1 outweigh
the cost of platoon formation.

Though the exact calculation of the optimal routes for general N is too time
consuming in practice, we can examine how the proposed heuristic compares for
moderately sized problems. Since the optimal solution for four HDVs is attainable
within reasonable time, and a situation with five or more HDVs occurred rarely in
our simulation, we chose to evaluate the heuristic for this number. We place four
HDVs at a random junction in the Germany representation network and assign
each a random destination. We can then compare the amount of fuel saved by the
controller with the amount of fuel saved by the optimal solution. We repeat this
random experiment 1,000 times for four HDVs and show the relative di�erence
between the optimal and pairwise heuristic solutions in Figure 5.4. The figure shows
the cumulative distribution of savings. We observe that that the routes returned
from Algorithm 1 using our proposed heuristic were less than 80 % of the optimal
fuel savings for only 2 % of the experiments. The data point (90 %, 3.5 %) means
our heuristic returned a solution that was worse than 90 % of the optimal savings in
only 3.5 % of the cases. We see that for over 90 % of the experiments, our proposed
heuristic computes the path with optimal savings.

5.3 Simulation on the German Autobahn Network

In the following section, we show the strengths and potential fuel savings of our
proposed regional controller on a simplified graph representing the German autobahn
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Figure 5.4: Cumulative distribution function of the percentage of the amount of fuel
saved by the regional controller compared to the optimal solution for four HDVs, 1,000
random experiments.

network with 647 nodes, 695 edges, and 12 destinations depicted in Figure 5.5c.
Note that for the simulation, we consider the network to be static meaning that the
number of vehicles are fixed and we do not consider dynamic tra�c where tra�c
flow decreases when the amount of vehicles on the road exceed a capacity limit.
Furthermore, an HDV can only speed up to catch another vehicle if it is trailing by
at most one edge length. In the German road network, each edge length corresponds
to roughly 13 km, which we consider to be a reasonable distance for an HDV to
catch up. Of course, this catch up of one edge length must be spread out over a
stretch of road long enough to prevent illegal speed. For example if two HDVs were
driving at the same speed are approaching a regional controller, respectively 10 and
11 edge lengths away, the latter HDV could increase its speed by 10 % to form a
platoon on the junction. On the other hand, if the respective distances were only 1
and 2 edge lengths, the latter HDV could not double its speed to form a platoon.
We also show the results for increased number of HDVs on the network and with
increased allowable detours, i.e. with c

T

> 0.
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Figure 5.5: Large-scale simulation results: (a) A snapshot of an initial state of our
system, with dots representing HDVs. The color of an HDV designates its destination
according to Figure 5.5c. (b) A snapshot of the same system as in Figure 5.5a after
10 time steps. Platoons are depicted as red dots, single vehicles appear in gray. (c)
Visualization of the simplified German autobahn network used in our simulations
(nodes are not shown). Possible HDV destinations are represented by colored stars. (d)
Percentage of fuel saved by our approach, compared to every HDV taking its shortest
path, for 300 HDVs, repeated 5,000 times with random starting points and destination.
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5.3.1 Experimental Framework

To evaluate the performance of our algorithm on a large scale, we placed vehicles at
random locations throughout the network and they moved towards their random
destination (following their shortest path). They move from node to node in the
network along their shortest path, moving one node in each time step. Whenever a
vehicle leaves a junction, it broadcasts its route to the next junction on its path.
At every time step, the regional controller attempts to find a routing using the
pairwise algorithm presented in Section 5.2.3. If the fuel savings of platooning
are larger than the cost of adjusting speeds (so the relevant vehicles arrive at the
junction simultaneously), the vehicle speeds are adjusted. This is represented in the
simulation by allowing the vehicles to travel t nodes on the path to the controller in
t−1 time steps. The simulation stops when all vehicles have reached their destination.
One example, the initial state of 300 HDVs is depicted in Figure 5.5a, with HDVs
represented by dots, where the color matches the destination’s color in Figure 5.5c.
After starting the simulation using the initial state showin in Figure 5.5a, we pause
after 10 time steps and observe the network in Figure 5.5b. We can see the number
of HDVs platooning in red and single HDVs in gray. Approximately 30 % of the
vehicles have formed platoons at this stage.

We repeat the simulation 5,000 times for 300 HDVs with random starting
locations and destinations. As might be expected, some random configurations allow
for more platooning opportunities than others. In Figure 5.5d we see a histogram of
the percentage of total fuel saved by our approach in each simulation, compared to
every HDV taking its shortest path and not considering the platooning benefit. We
see that even for this relatively low number of HDVs on the network, the average
total fuel consumption has been decreased by almost 2 %.

5.3.2 Increasing the Number of HDVs

We now analyze how the total fuel consumption changes as the number of HDVs in
the network increases. Intuitively, one would assume that if the density of vehicles
in the network is low, there are few opportunities for platooning making HDVs
take their shortest path than to reroute. As the density of HDVs in the network
increases, more HDVs will avail themselves of platooning possibilities exploiting
the fuel saving potentials. Eventually, once the number of HDVs in the network
grows large enough, all opportunities for fuel savings are extracted from the network
topology, hence adding more vehicles to the network will not decrease the average
fuel use considerably.

We see this intuition to be true (for our German network) in Figure 5.6. Each
data point is an average of the savings from 5 simulations with random origins and
destinations. We can see that the average fuel savings increase rapidly between 0
and 2,000 vehicles. As the network becomes dense enough with vehicles, nearly every
edge can be traveled in a platoon, so nearly every HDV benefits from the 10 % fuel
reduction, and adding more HDVs will only result in marginal fuel savings.
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Figure 5.6: The percentage of fuel saved by our method compared to every HDV
taking its shortest path and not platooning. Each data point is an average of the
savings from 5 random instances.

5.3.3 Increasing Allowable Detours

All previous results assume vehicle routes are the same length as an HDV’s shortest
path from start to destination. We now examine the possibility of allowing routes
for an HDV that are longer than the length of its shortest path from its start to
destination. Intuitively, adding extra edges a vehicle could travel would have quickly
diminishing returns. Allowing an HDV to travel 10 or 20 km extra will help to
improve the average fuel use because more platooning options will be available. But
allowing an HDV 60 km of additional travel is unlikely to provide much additional
savings; a vehicle that travels 60 km extra must be platooned an exceptionally long
time in order to o�set the costs of platoon formation.

We find this intuition to hold in Figure 5.7, where we partially re-simulate
our German road network with a slight modification to the Algorithm 1. Instead
of defining c

T

= 0 for all vehicles, we assign each HDV an upper bound c
T

and
ensure that the controller never returns a route for c

T

which will result in a total
travel time more than T (S

T

, D
T

) + c
T

. For example, if c
T

= 3 for some vehicle T
that has already traveled two additional edges before approaching a junction, the
regional controller at ‹ ∈ V can only look for paths with one or zero edges more
than T (‹, D

T

). In Algorithm 1, c
i

would be nonzero and c
T

is updated at "Update
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Figure 5.7: The number of additional edges an HDV can travel versus the average
fuel savings for various numbers of HDVs on the Germany network. Longer detours
result in lower average fuel consumption but the benefits are not noticeable for this
network.

c1 or c2 if needed".
The results of increasing c

T

uniformly for all vehicle T is seen in Figure 5.7.
A given experiment starts by randomly assigning HDVs starting points and then
observing the savings produced by our approach. The possible savings are then
recomputed using the same starting points and a larger value of c

T

. Each point
in Figure 5.7 is then the average of 5 such experiments. We see that increasing c

T

from 0 to 1 results in almost unnoticeable additional savings, we conclude that the
regional controllers are rarely routing HDVs o� their shortest path, at least for the
network in question. It may also be that there are few paths from a given point to a
destination, which are only a few edges longer than the shortest path. We consider
the fact that most of the savings arise from coordination as favoring our system’s
possible adoption: more HDV drivers are willing to participate in a system which
does not significantly modify routes they are already traveling.

In another light, it might seem surprising that allowing every HDV to possibly
detour 10 km does not allow for a relatively larger savings than when no detour
is allowed. Though the small detour does allow for significantly more platooning
options, those options are rarely long enough to justify driving 10 km out of the way.
If the savings for platooning are only 10 %, then the platoon must stay together
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for 100 km to warrant the detour. The impact of increasing c
T

naturally depends
on the structure of the graph. If many similar length routes exist, allowing slight
detours will likely produce greater savings.

5.4 Summary

In this chapter, we have developed a distributed method for platoon formation. By
placing virtual regional controllers at junctions throughout a road network, the
vehicles traveling on the network gain a regional perception of surrounding vehicles.
The fuel-e�cient path for a single HDV is most often not the fuel-e�cient path when
considering platooning possibilities with other vehicles. By sending information such
as position, speed, and destination, the virtual controller could guide the incoming
vehicles to form platoons once they reach the junction. The controller calculates how
much fuel can be saved from platooning together and compare it to the additional
fuel it would cost by coordinating the vehicles for platoon formation. If the fuel
savings are greater than the additional fuel cost, then the controller informs the
vehicles to form platoons. This resulted in significant fuel savings on a simplified
road network of German autobahn, with only a few thousands of vehicles on the
network the fuel savings exceed over 5 %. This is relatively small number of vehicles
considering that there are almost 400,000 HDVs in use in Germany (ACEA, 2012).
We also allowed the vehicles to take slight detours in order to increase the possible
platooning potentials, however the additional fuel saved over the whole network
were indiscernible.





Chapter 6

Fuel-potential Savings Evaluated Through
Sparse Probe Data

“Intelligence is the ability to adapt to change.”
Stephen Hawking

The use of FMS has increased among fleet operators. Each vehicle sends
information of the vehicle status and global position periodically to the FMS
server. This gives the possibility for the fleet operator to monitor and analyze

the condition of the vehicles and its status it had during the transport. This acts as
a feedback to the fleet operator and allows the operator to improve future transports.
Furthermore, it gives the possibility for the fleet operator to check and monitor the
vehicle’s condition live and if the transport is going according to plan. With the live
position information, it is possible for either a system or the operator themselves
to advise their driver to platoon with other vehicles, since we showed earlier that
platoon coordination can yield to significant fuel savings.

We have so far shown the potentials with platoon coordinations, both locally
between vehicles on a single road and regionally between vehicles on a road network.
Since most often HDVs are scattered on the roads, and have di�erent origins and
destinations, it is di�cult to form platoons. Therefore, these are some approaches to
increase platoon formations and also the fuel savings. However, these approaches are
done theoretically. Therefore, in this chapter, we will analyze platoon coordination
possibilities using real-world vehicle probe data acquired from Scania’s FMS. We
map match the probe data into an underlying road network in order to infer the
paths the vehicles have taken between each probe data. We then analyze the current
platoon situation and investigate how much the fuel savings can be increased through
coordinated platoon formations. We used OpenStreetMap (OSM) as our digital road
network.

The outline of this chapter is as follows: In Section 6.1 we briefly discuss the
background of the probe data and the map data that was used in the analysis. In

67
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Figure 6.1: A snapshot of all vehicles on the OSM road network. Black lines represent
the OSM road network and the white dots represent vehicle probe data.

Section 6.2 we describe the methodology consisting of map matching, path inference,
and analyzing platooning. We then present three simple platoon coordination schemes
to increase the platooning in Section 6.3 and present the results in Section 6.4.
Lastly, we summarize this chapter in Section 6.5.

6.1 Background

We consider a road network with HDVs, see Figure 6.1. A node, in the road network,
is a geographical point described with a unique id, longitude, and latitude. It can
have attributes such as altitude or speed sign. A way, in the road network, is an
ordered list of nodes that describes the road and the road type such as a highway
or a small street. The way consists of a unique id and at least two nodes. A vehicle
traveling on the road network is described with a unique vehicle id and timestamped
location with longitude, latitude, and heading. We introduce the term link, for
simplicity, as an edge between two nodes in the road network.

We use OSM as the digital road network, where the road attribute of motorway,
motorway_link, trunk and trunk_link were extracted from OSM. This is obtained
through osmfilter. The vehicle probe data set is obtained from Scania HDVs equipped
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with GPS units over one whole day in spring 2013 over a 500,00 km2 region in Europe.
The data set contained 7,634 HDVs, which includes both long-haulage and local-
distribution HDVs. The probe data consists of timestamped longitude, latitude,
heading information, and an id which is unique for each vehicle with the GPS unit.
Each vehicle asynchronously sent their position information to the FMS with an
interval of 5-10 minutes.

6.1.1 Fuel Model and Platooning Rate
In order to analyze the fuel savings through platooning, we chose a simple fuel
model as in Chapter 5, namely:

f
cs

= v2d÷
p

(d
r

) (6.1)

where f
cs

denotes the fuel cost, v the velocity, and d the traveled distance. Since
platooning leads to reduced fuel consumption, we assume (as in Chapter 5), a 10 %
lower fuel cost for the follower vehicle when platooning, that is:

÷
P

(d
r

) = �������
0.9 if d

r

≤ platoon distance
1 otherwise

(6.2)

where d
r

> 0 is the relative distance to the vehicle ahead, hence always positive, and
platoon distance is a constant that we set when analyzing, which will be described
later on.

We define platooning rate as the distance platooned for all vehicles (including
the lead vehicle despite not gaining any fuel savings from platooning) over the total
distance driven:

PR = ∑i

d
i

(platooned)
∑

i

d
i

(6.3)

6.2 Methodology

The method of this study consists of several steps; map matching, path inference,
and spontaneous platooning analysis. The first step was inspired from Rahmani
and Koutsopoulos (2013). We define spontaneous platooning as when vehicles have
platooned with each other in reality, based on the probe data, without the need of
coordination. Each of the steps will be described in the following sections.

6.2.1 Map Matching
Due to errors in the GPS measurement and the digital road network, probe data
of a vehicle are usually not located on a link in the digital road network. The
map-matching process identifies a set of candidate links within the neighborhood of
the probe by looking in a geometrically defined neighborhood around the current
position. The choice of shape and size of the neighborhood should be chosen wisely
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p

link 1 link 2

link 3

Figure 6.2: An example where the probe data p has three link intersecting the
neighborhood. Each intersected link gets a projection of the probe data and is a
candidate link for path inference. In our case, in a junction we only keep the exiting
links, hence only link 2 and 3 are the candidate links.

since it a�ects the computational complexity. With larger neighborhood comes more
possible candidate links and with too small neighborhood comes the risk of not
enclosing any links. For each candidate link, a projection of the probe is made, see
Figure 6.2. We chose a rotated ellipse with respect to the heading of the vehicle
probe as our neighborhood with a radius of 50 m in x-direction (the direction of the
vehicle) and 20 m in y-direction. We also had a maximum angle di�erence, between
the vehicle’s and link’s heading, threshold set to 30○ in order to remove the opposite
road direction. Additionally, if there are several candidate links with the same way
id, we only keep the one that has the shortest distance to the probe. Furthermore,
if there is a junction (like in Figure 6.2) within the neighborhood then there will be
at least three candidate links, which some will give the same path when inferring
the path (like in Figure 6.2, link 1 will also contain link 2 or 3, depending on which
of those goes to the next map-matched probe). Therefore, to reduce the amount of
candidate links, only the outgoing links in a junction will be considered as candidate
links. Since we are looking at the highway road network, we will have many GPS
probes that are not map matched into the road due to HDVs driving on smaller
roads and into the cities. Therefore, to have a consistent good data set, we put a
minimum threshold of at least ten map-matched points (not necessarily consecutive)
needed for each vehicle, otherwise we discard that vehicle data.

This whole process is also known as topological map matching where the probe
is matched to a link. The other two types are geometric, which matches the probe
to a node, and advanced, which uses advanced techniques such as Kalman filter,
fuzzy logic, etc. to match a probe correctly to the road network (Rahmani and
Koutsopoulos, 2012).

6.2.2 Path Inference
To infer the correct path a vehicle has taken between two points, a simple approach
was used since the possible paths taken on the highway road network are only
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Figure 6.3: To infer the path for a set of probes requires one to check each possible
combination of each possible probe pairs.

a handful. The method is a brute-force method. We look in every possible path
between two map-matched points and take the shortest path of them all. However,
we do not look further than a distance limit, which is how far an HDV can travel
within the time between two points. We also calculate the average speed between
points to ensure that the HDVs did not travel beyond its capability, which is set to
100 km/h. The average speed is used when calculating the fuel cost.

To infer the path from start to end for each vehicle, each possible combination
between the probes has to be checked as seen in Figure 6.3. The more candidate
links there are, the more combinations have to be checked, hence the need of a
wisely chosen neighborhood in the map-matching process. Since there is a possibility
that some probes were not map matched, the path inference can sometimes yield no
result between two map-matched points. We then split the results into segments
with uninterrupted paths and after computing all possible combinations we keep
only the segment with most probes. If there are several segments with the same
amount of probes, then out of those we keep the segment with the longest driven
distance, see Figure 6.4. The segment should at least consist a minimum of seven
probes, otherwise the whole vehicle data set is discarded. In Figure 6.5, we see an
example of a vehicle’s GPS locations (red line), map-matched data (yellow line), and
path-inferred data (blue line). We can see that all probe data were not map matched,
there are several points (upper left of the figure) where the vehicle were outside
the road network. The next point that was map matched will have a much higher
timestamp and this means that the average velocity between the two map-matched
points will be really low. This will most likely yield to no platooning possibilities
even though it could have platooned in reality until it drives out from the highway.
An example in Figure 6.5, assume that the vehicle is on the highway at t1, then
drives o� the highway at t3 and comes back at t7. The vehicle records the GPS
position at t1, t4, and t7, which means that the probe at t4 will not be map matched
since it is outside the highway. If the path inference manages to find a path between
t1 and t7 then it will result in a low average speed, which leads to no platooning
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p1 p2 p3 p4 p5

Figure 6.4: An example of path inference for five probes pi, each node represent a
candidate link. Here we have three di�erent segments; lined, dashed and dotted. Since
both the lined and dashed segments are the ones with the most probes, we have to
check the traveled distance on each of them and keep the one which is the longest.

Figure 6.5: An example of a vehicle’s raw probe data (red line), map-matched data
(yellow line), and the inferred path (blue line). Notice that some probe data are outside
the road network and could therefore not be map matched, however the path inference
managed to find a path between all map-matched points.

opportunities, despite that it might have been able to platoon between t1 and t3
in reality. Nonetheless, we still keep the data despite having a part with really low
velocity.

6.2.3 Spontaneous Platooning
To be able to study whether the vehicles did platoon with each other or not, we
have to check if there were any vehicles ahead the other vehicle. Before analyzing
spontaneous platooning, we need to match the timestamps of the vehicles, this is
done by interpolating the path with respect to the time. Since the vehicles are map
matched and path inferred into the road network, it is su�cient to look whether
there are vehicles ahead or not on the same path. By looking at the vehicle’s own
path a certain distance ahead, that we call platoon distance, and if another vehicle
is within the platoon distance, we assume they platooned. This has to hold for
two consecutive time instances for the vehicle to have platooned over the distance.
That is, if there is a vehicle ahead within a certain distance at time instance t

i

and
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t
i+1, then the vehicle has platooned the distance between the time instances. If it

only holds for one time instance, for example the platoon splits midway, then we
assume that platooning did not occur. Furthermore, the relative speed should not
di�er more than 5 km/h at both time instances, otherwise it will not be considered
as platooning. This is to ensure that the vehicles were most likely driving behind
each other. This analysis will tell us how many vehicles are platooning today and
approximately how much they save in fuel compared to have driving alone. This
result will also be compared to the savings when doing platoon coordination.

6.3 Platoon Coordination

In order to investigate what the possibilities are to increase the platooning rate and
the fuel savings, we consider three coordination schemes; catch-up coordination,
departure coordination, and transport coordination.

6.3.1 Catch-up Coordination
Starting with the coordination scheme that we are most familiar with, as the name
suggests, we consider the possibility for vehicles to catch up to each other for platoon
formation. A follower vehicle drives faster and merge with the lead vehicle and
platoon until they split or reach destination. At each time step t

i

we check if there
are any vehicles within a horizon ahead, that we call coordination horizon. For
each candidate vehicle within the coordination horizon, we check which of those
candidates give us the highest fuel savings if a catch up is made. The catch up, unlike
previously, is just simply driving +15 km/h (with maximum speed of 100 km/h) of
the vehicle’s own speed profile until we merge and then we drive at the lead vehicle’s
speed profile until we no longer can platoon together. After split we resume with
the vehicle’s own speed profile. This is done by finding the common path of both
vehicles then calculate the fuel cost compared to have maintained its own profile.
If it deems beneficial to catch up, then we set a flag on the lead vehicle so it does
not consider catching up to other vehicles ahead of it. This way, we avoid having
a vehicle catching up a vehicle catching up to another vehicle. Furthermore, as
previously, we only coordinate single vehicles and they can either form platoon with
other single vehicles or platoons, but we do not coordinate vehicles already in a
platoon.

6.3.2 Departure Coordination
In this coordination scheme, we consider the possibility for the vehicles to adjust its
departure time in order to match other vehicle in order to increase the platooning
rate. We first check which vehicles platoon (include being platoon leader) at least
once during the day and exclude them from adjusting their departure time. At
each time step, each vehicle checks if there are any vehicles within the coordination
horizon (similar to the catch-up coordination). For each candidate vehicle within
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the coordination horizon, we check how long it takes for the follower vehicle to
reach the candidate vehicle’s current location and also how far they can travel
together. The relative velocity has to be within 5 km/h at all times, otherwise we
assume that the common path ends when it no longer holds. The fuel saving for
platooning the common path is calculated. We do this for each time step and for
each vehicle and store it as vehicle pairs in a global candidate vehicle list. Notice
that a lead vehicle in a platoon is eligible to check for candidate vehicles but all
the vehicles in a platoon cannot be candidate vehicle. We then check which vehicle
pair (one vehicle can be in several other pairs) saves the most fuel and execute it.
We remove the vehicle pair from the list and also in any other pair the vehicles
might be included in, then we repeat until the list is empty. This way we avoid
having vehicle one adjusting its departure to vehicle two and vehicle two adjusting
its departure to vehicle three, ending with vehicle one driving alone again with
adjusted departure. This coordination scheme can also be seen as the lead vehicle,
instead of adjusting its departure time, is stopping for a break or refueling, or the
follower vehicle departures earlier.

6.3.3 Transport Coordination

In transport coordination, we look the problem in a di�erent perspective. Instead
of looking at the vehicles, we are looking at the road segments. A road segment
often starts and/or ends in a junction. Since we already path inferred the vehicles
and have the timestamps, we can check when each vehicle enters a road segment.
By checking at each road segments the time a vehicle enters the road segment, if
several vehicles enter the same road segment within a time interval, we say that
those vehicles platoon the whole road segment despite if they are not within the
platoon distance. Example, if we set a time interval of one hour, we check each road
segment if there are vehicles entering between 00:00–00:59, 01:00–01.59 and so on
until 23:00–23:59. If there are more than two vehicles entering the same road segment
within the same time interval, we assume they platooned the whole road segment.
Furthermore, we do not change the vehicles’ time or speed profile, we mainly analyze
the possibilities for platooning through possible transport rescheduling. Since this
approach is di�erent from the previous two coordination schemes, a di�erent fuel
model is used:

f
cr

=
�����������

d
road

(1 + (N − 1)÷
r

) if N ≥ 2
d

road

if N = 1
0 if N = 0

(6.4)

where f
cr

is the fuel cost, d
road

the length of the road segment, N the amount
of vehicles entering the road, and ÷

r

= 0.9 is the reduced fuel cost for platooning
vehicles.
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Figure 6.6: The path inferred vehicles on the OSM road network. Black lines represent
the road network, the yellow lines the path-inferred vehicles and the red lines the
distances were the vehicles spontaneously platooned. The vehicles covered most of the
road network.

6.4 Results

After the map-matching and path-inference processes, only 1,773 vehicles remained
out of 7,634. The reason for so many discarded vehicle data is due to the probe data
contain many local-distribution vehicles that drove on smaller roads. Figure 6.6
depicts in yellow the paths at least one of the 1,773 vehicles took on the road network.
The amount of active moving vehicles along the day can be seen in Figure 6.7. Note
that most of the time we have more than 200 vehicles active. The minimum and
maximum distance traveled out of the 1,773 HDVs are 24 and 948 km respectively.
The total distance traveled for all HDVs are 505,945 km, giving us an average of
285km distance traveled per vehicle.

In order to investigate the spontaneous platooning rate, we set the platoon
distance to 100 m. If there are vehicles ahead on the same path within the platoon
distance for two consecutive time steps, we assume the vehicle has platooned over
that time. The result for spontaneous platooning rate is 1.21 %, which means that
1.21 % of all the vehicles’ traveled distance were traveled in platoons. Since only the
follower vehicles gain 10 % fuel savings in a platoon, this only gave an overall fuel
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Figure 6.7: Total vehicles moving at a given point throughout the 24-hour period.

savings of 0.07 % compared to have driven alone and not considering the platooning
e�ect. This can also be seen in Figure 6.8 were the amount of platoons (blue solid
line) stayed very low throughout the day, which means that not many vehicles are
platooning in this data set. The reason for fluctuations is that the distance to the
vehicle ahead fluctuated around 100 m. Which part in the region where the vehicles
platooned can be seen in Figure 6.6 (red lines). We increased the platoon distance
to 1 km in order to see if there are vehicles nearby for possible coordination. So if
there are a vehicle within 1 km on the same path as the follower vehicle at two time
steps, then the follower vehicle gains the platooning benefit. With no surprise, the
fuel saving and platooning rate increased and they increased to 0.27 % and 4.85%
respectively. This does not consider velocity changes to coordinate and form platoon,
it just merely indicates that there are vehicles close by that could possibly platoon
with.

Since by increasing the platoon distance to 1 km showed a higher possible fuel
savings, it would be interesting to see the actual fuel savings where the follower vehicle
increases velocity in order to catch up and merge. For the catch-up coordination,
we investigated four di�erent coordination horizons; 1, 5, 10, and 20 km. The
coordination horizon is the horizon length where we search for possible vehicle
candidates to form platoons with. The follower vehicle only obtains the 10 % fuel
saving when the relative distance to the lead vehicle is within the platoon distance
of 100 m at two consecutive time steps. This also applies when calculating the
platooning rate. However, we do not consider coordinating vehicles already in a
platoon. The results can be seen in Table 6.1.
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Figure 6.8: Amount of spontaneous platoons and platoons through catch-up coor-
dination and departure coordination throughout the day. The platoon distance and
coordination horizon is set to 100 m and 20 km respectively. The amount of platoons
overall increases roughly five and eight times through catch-up coordination and
departure coordination, respectively, compared to spontaneous platooning.

Table 6.1: Results with catch-up coordination. As the coordination horizon is in-
creased, the more possible candidate vehicles there are, however most catch ups have
been made with candidate vehicles that are relatively close, hence the insignificant
di�erence between 10 and 20 km coordination horizon.

Coordination Fuel Platooning Catch ups Minutes
horizon saved rate made saved

1 km 0.17% 4.66% 157 158
5 km 0.21% 6.59% 204 245

10 km 0.22% 6.94% 209 267
20 km 0.22% 6.97% 210 268

As it can be seen, with a longer coordination horizon, the more possible candidate
vehicles there were to platoon with and hence it gave more catch-up possibilities
which increased both the platooning rate and fuel saving. The fuel saved is compared
to vehicles driving alone and not considering any platoon benefits. The fuel saving
is an average over all vehicles and not the average of the vehicles that platooned,
which would be much greater since most vehicles are not in a platoon. We can notice
that the results between 5, 10, and 20 km do not di�er significantly, this means that
most of the beneficial catch-ups are done with vehicles close by. This is reasonable
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Table 6.2: Results with departure coordination. As the coordination horizon is
increased, the more possible candidate vehicles there are that can adjust departure
time in order to form platoons.

Coordination Fuel Platooning Vehicles adjusting Average minutes
horizon saved rate their departure adjusted

1 km 0.11% 2.08% 105 2.6
5 km 0.27% 4.91% 319 5.5

10 km 0.42% 7.56% 434 7.2
20 km 0.60% 10.76% 529 11.3

considering that catching up vehicles that are far means that it has to platoon
longer to gain back the additional fuel cost. This was reflected back in Chapter 4,
that the distance ratio (distance to destination over distance between the vehicles)
was an important factor when a catch up was beneficial. The amount of platoons
during the day is depicted in Figure 6.8 (green dashed line) and it can be seen
that it has increased overall by an average of approximately five times compared to
spontaneous platooning.

We also analyzed departure coordination with the same coordination horizon
as in catch-up coordination. A vehicle is allowed to adjust its departure only if it
will not platoon at all throughout the transport delivery. Notice that these two
coordination analyses are done separately. Also notice that a coordination horizon
of 20 km corresponds approximately to 15 minutes drive of highway speed, which is
shifted in departure time. The results can be seen in Table 6.2.

Similarly to catch-up coordination, we see that the longer coordination horizon
is, the higher platooning rate and fuel saving. Furthermore, a departure coordination
gives a much higher fuel saving compared to catch-up coordination. This is mainly
due to that a catch-up coordination consumes additional fuel during the catch up
and has to win that back through platooning before starting to save fuel. While as,
the departure coordination allows the vehicle to form platoons with no extra fuel
cost, however in expense of adjusting departures while catch-up coordination saves
time. Hence, the departure coordination does not saturate with longer coordination
horizon as it does for catch-up coordination. Although the departure coordination
adjusts the departure time, it is only changed by a few minutes, which in most cases
are acceptable and within the time frame of the transport. The amount of platoons
during the day has increased even more compared to catch-up coordination, which
can be seen in Figure 6.8 (red dotted line).

We noticed that the departure coordination showed promising fuel saving the
more we let the vehicles adjust their departure time. This gives us incentive to
study further with transport coordination and check the fuel saving potentials. The
transport coordination scheme analyzes when vehicles enter the same road segment
within the same time interval. We chose several di�erent time intervals and the
results can be seen in Table 6.3.



6.4. Results 79

Table 6.3: Results with transport coordination. The higher the time interval is, the
more chance of vehicles entering the road segment for platoon formation.

Time interval Fuel saved* Platooning rate
5 min 0.68% 13.22%

10 min 1.19% 22.41%
15 min 1.64% 30.26%
30 min 2.74% 47.58%

1 hr 4.31% 68.07%
2 hr 5.94% 83.23%
3 hr 6.87% 89.93%
6 hr 8.06% 95.67%

12 hr 8.85% 98.38%
24 hr 9.37% 99.38%

*Di�erent fuel model used compared to the two previous coordination schemes.

We can see that with higher time interval, the more opportunities there are
for vehicles to platoon with each other. Let us take 24-hours time interval for
clarification. This means that we allow any vehicle to reschedule their transport to
any time on the day and try to maximize the fuel saving by letting every vehicle
travel together at the same time. For 12-hour time interval, there are two time
slots and this means that it will be slightly less vehicles traveling on the same road
segment within the time interval to platoon with. This is illustrated in Figure 6.9
with four di�erent time intervals, it shows the time slot with the highest amount of
platoons on each road segment. This can be related to Figure 6.6 where we see paths
where the vehicles platooned (in red), however in this case it is the amount of vehicles
entering the road segment. For the 30-minutes time interval (Figure 6.9a), we can
see that most platoons consist of 2–5 vehicles while as for the 24-hours time interval
(Figure 6.9d) the platoons consist of several vehicles. This explains why the fuel
saving for 24-hours time interval is more than three times higher than 30-minutes
time interval while the platooning rate only doubled, this is due to that the first
vehicle does not reduce its fuel consumption in a platoon. Notice that 5-minutes and
10-minutes time interval are closely related to 5 km and 20 km coordination horizon
departure coordination, but the fuel saving and platooning rate di�er noticeably.
This is because with departure coordination, we adjust the vehicles’ departure and
do not adjust the vehicles that will platoon at least once during its transport even if
it is only for a short distance. There could have been possibilities that if the vehicle
(that platooned at least once) adjusted its departure, the fuel saving would be even
higher. For transport coordination, we do not consider changing the vehicles’ speed
or time profile, we only check when those enter a road segment. In practice, the
vehicles would need to adjust their profiles which would then also a�ect the future
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(a) 30-minutes interval (b) 2-hours interval

(c) 6-hours interval (d) 24-hours interval
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Figure 6.9: Highest amount of platoons with transport coordination illustrated with
line colors on the road network for four di�erent time intervals, where the line colors
represent the amount of vehicles entering the road segment within the same time
interval. There are more possibilities to form more and longer platoons if all the
vehicles can travel at the same time (d) compared to allowing small adjustments (a).

road segment entrances. We can consider that the departure coordination gives us a
lower bound and the transport coordination gives us an upper bound of possible
fuel saving and platooning rate.
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6.5 Summary

We have, in this chapter, studied the platooning rate of Scania HDVs during a
24-hour period in a region in Europe through their low-sampled GPS positions. This
is done with help of map-matching algorithm to infer the path the vehicles had
taken. Unfortunately the vehicles do not platoon spontaneously with each other that
often. Only two, three active platoons out of 200–350 active vehicles throughout
the day. This is of no surprise considering that a commercial platooning system
does not yet exist unless the ACC is considered as one. Hence, the drivers are either
using the ACC or driving manually close behind another vehicle. However, there
are vehicles within a reasonable distance that one could possibly coordinate with.
We showed with catch-up coordination that it could increase the fuel savings and
platooning rate by a factor of three and six, respectively. However, due to the fact
that a significant part of the coordination is the catch-up phase, the fuel savings got
reduced compared to the platooning rate. We therefore analyzed the possibility to
adjust departure time instead. With adjusting a few minutes, we could increase the
fuel savings and platooning rate nine times compared to spontaneous platooning.
Although the fuel saving of 0.60 % for departure coordination seems quite low, this
corresponds to approximately a total of 640,000 liter diesel fuel saved yearly for the
1,773 vehicles based on average fuel consumption of 0.3 liter/km and HDV traveling
200,00 km per year.

Note that this does not reflect reality due to the reason that the HDVs might have
platooned with other HDVs that were not equipped with GPS units or with other
non-Scania HDVs. This only gives an indication that the spontaneous platooning rate
is quite low today and could be increased manifold through platoon coordinations,
either on the fly or through transport planning.





Chapter 7

Conclusion and Future Work

“Do not go where the path may lead,

go instead where there is no path

and leave a trail.”
Ralph Waldo Emerson

Vehicle platooning is becoming important. HDV platooning is a mean to
mitigate the environmental impacts from road freight transports, as well as
reduce the fuel consumption, increase safety, and increase the throughput

on congested highways. In this thesis, we show how platoon coordination can further
increase the platooning rate despite that vehicles are often scattered on the road
network from having di�erent origins and destinations. We have investigated what
factors can a�ect a coordination decision. Vehicle mass and road topography have
negligible influence, the overall air drag however, matters the most. We have applied
this when deriving the break-even ratio when a follower vehicle catch ups do a vehicle
ahead. We extended the idea from a single road to a road network to understand
the strength of platoon coordination in a realistic scenario. This was taken even
further by analyzing real data in a region in Europe.

This chapter concludes the thesis by detailing the conclusions that can be drawn
from the obtained results in Section 7.1 and outlines directions for possible future
work in this area in Section 7.2.

7.1 Conclusion

The work presented in this thesis has shown the great potentials platoon coordination
has for platoon formations. In Chapter 3, we derived the factors that a�ect a
coordination decision the most, given that we do not reroute the vehicle from its
original path. The velocity and the air drag reduction when platooning are the
dominant factors when a coordination decision is made. If we can lower the overall
air drag force when coordinating and platooning compared to the original profile,
then it is beneficial to execute the coordination.

83
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In Chapter 4 we proposed a method for platoon coordination by letting a
follower vehicle drive faster and catch up with a lead vehicle. The vehicle will
consume additional fuel during catch-up phase but will be gained back from the
lowered air drag when platooning. This can be extended to platoons catching up with
a vehicle or another platoon. However the benefits are greater for a single vehicle to
catch up rather than a platoon, since only the first vehicle of the follower platoon
will gain the air drag reduction once the longer platoon is formed. Furthermore,
the break-even ratio is rather sensitive to velocity errors. To ensure not providing
false-positive catch-up decisions in practice, one can either overestimate the velocity
of the vehicle ahead and underestimate the vehicle’s own velocity or have a marginal
threshold. Nevertheless, a catch-up coordination enables the possibilities to increase
the amount of platoons and hence decrease the overall fuel cost without delaying
any transports. Most often, the vehicles do not have the same destinations, thus
needing to split the platoon somewhere along the way. Since the follower vehicle
drove faster earlier to form a platoon, it has the possibility to decrease its speed
and still deliver the goods on time and further decrease its fuel cost after the split.

Chapter 5 extends the catch-up idea further. Instead of considering just a pair
of vehicles on a road, we consider several vehicles on a road network that can
take di�erent routes to their destinations. By letting the vehicles obtain a regional
perception of the surroundings, the vehicles can decide with which vehicles to
coordinate depending on a limited amount of information such as position, velocity,
and destination. On a network, platoon formations can occur on junctions as well
as on the road. Since vehicles come from di�erent locations, most often the best
platoon formation locations are on junctions where their common paths start. We
therefore let vehicles merge on junctions through a catch-up coordination when the
cost of doing such action was lower than the fuel saved of platooning. We showed
that on a German autobahn road network representation by randomly placing the
vehicles and assigning them random destinations. This resulted in significant fuel
savings exceeding over 5 % with only a few thousands of vehicles on the network.
The number of vehicles in the network is relatively small considering there are
almost 400,000 HDVs in use in Germany.

Lastly, in Chapter 6 we analyzed real-world data obtained from Scania’s FMS.
We had low-sampled GPS position data for 1,800 vehicles over a 500,000 m2 area in
Europe during a 24-hour period. We inferred the paths the vehicles had taken on
an underlying road network based on OSM. During the majority of the day there
were 200–350 active vehicles transporting goods. With this low number of vehicles,
the platooning possibilities are low. This was also shown in Chapter 5. However, in
reality the tra�c situation also a�ects the possibilities to platoon. Despite the low
number of active vehicles, we had two or three platoons most of the time throughout
the day. This gave us an average fuel saving of 0.07 % and a platooning rate of
1.27 %, meaning that more than 1 % of the total traveled distance was in a platoon.
With catch-up coordination we managed to increase the fuel savings and platooning
rate to 0.22 % and 6.97 %, respectively. This also increased the amount of platoons
to over ten active platoons over the majority of the day. The low increase in fuel
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savings compared to platooning rate are due to the additional fuel cost of catching
up. We therefore continued with investigating the possibility to adjust departure
times, where we try to match the departure such that the single vehicles (vehicles
that do not platoon at all over the whole day) can platoon with other vehicles. With
an average adjusted departure time of only 11 minutes, we could increase the fuel
savings and platooning rate by a factor of nine compared to spontaneous platooning.
By either coordinating on the fly, like our catch-up coordination, or adjust departure
time slightly, we can increase the fuel savings and the amount of platoons on the
road. Further fuel saving improvements can be obtained by coordinating transport
missions.

7.2 Future Work

The theoretical study of catch-up coordination for a pair of vehicles is one coordina-
tion approach out of many possible ones. Due to speed limits and vehicle constraints,
a catch up might not always be possible in reality. Further investigation on other
possible coordination on the fly needs to be done. The lead vehicle can slow down
for platoon formation. However, instead of additional fuel cost for catch up, the lead
vehicle will lose time for slowing down. If the lead vehicle has that time window to
spare, then a slow down is more beneficial than a catch up. However, if the lead
vehicle does not have that option, then it also has the option to slow down then
drive slightly faster to match the delivery time once the platoon is formed. If the air
drag reduction is higher than the additional cost of increased velocity squared, then
it will be beneficial. A natural solution would be a combination of catch up and
slow down. How this should be executed most fuel e�ciently is not clear and need
further investigation. There are often several vehicles that one can coordinate with
on a road network, and other vehicles might also want to form platoons with you or
your vehicle candidates. More careful studies should be performed to determine how
to coordinate several vehicles.

In Chapter 5 it was shown the strength of coordination with a regional perception
of neighboring vehicles using a static simplified German road network. To better
reflect reality, a dynamic tra�c flow needs to be introduced where congestions a�ect
both the platooning and coordination possibilities. The fuel-e�cient path (both for
single vehicles and platoons) would then vary depending on the tra�c situation. The
fuel-saving potentials also depends on the road topography, which a more realistic
representation with road slopes should be simulated for a more realistic fuel-saving
representation.

The studied potentials for platoon coordination through real vehicle data shows
promising results. However, the downside of the study is the small number of vehicles,
which do not reflect the tra�c situation in reality. An extrapolation to represent
reality better is a possible future work. To merge of the regional virtual controller
idea from Chapter 5 and the data is also a possible future work that would give a
more representative fuel savings based on real data. Further investigation on how to
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optimize transport departures between di�erent haulage companies to decrease the
fuel cost is also a possible future direction. This could for instance include changing
the transport missions from two half-empty transport to one fully loaded delivery.



Appendix A

Vehicle Parameters

Table A.1: Nominal vehicle model parameter values used in this thesis, unless
otherwise stated.

Parameter Symbol Value Unit
Vehicle mass m 40 000 kg
Engine max torque T max

e

2300 Nm
Engine inertia J

e

3.5 kg m2

Highest gear ratio i
g

1 -
Gear e�ciency ÷

g

0.95 -
Final drive ratio i

f

3.08 -
Final drive e�ciency ÷

f

0.97 -
Wheel inertia J

w

65.8 kg m2

Wheel radius r
w

0.495 m
Roll resistance coe�cient c

r

7 ⋅ 10−3 -
Air drag coe�cient c

D

0.6 -
Vehicle frontal area A

a

10.26 m2

Air density fl
a

1.29 kg m-3
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Abbreviations

ACC Adaptive cruise control
ADAS Advanced driver assistance system
CC Cruise control
DHSC Downhill speed control
ERTICO European Road Transport Telematics Implementation

Co-ordination Organisation
ETSI European Telecommunications Standard Institute
FMS Fleet management system
GPS Global positioning system
HDV Heavy-duty vehicle
HMI Human machine interface
ICT Information and communications technology
ITF International Transport Forum
ITS Intelligent transportation system
LHS Left hand side
MTPL Mission and transport planner layer
OSM OpenStreetMap
RHS Right hand side
TSP Traveling salesman problem
V2I Vehicle to infrastructure
V2V Vehicle to vehicle
V2X Vehicle to vehicle and/or infrastructure
VICL Vehicle and inter-vehicle controller layer
VPCL Vehicle and platoon coordinator layer
VTI Swedish National Road and Transport Research Institute

(sv: Statens väg- och transportforskningsinstitut)
WBCSD World Business Council for Sustainable Development
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