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Abstract

Since the dawn of civilization, people started to move around and transport
goods. The more in time we move forward, the more we find bigger cities
and therefore bigger economies, and that is thanks to human creativity and
inventions, all the way from the wheel to the transportation industry nowa-
days. Technology advanced and a person’s well-being and comfort became
more and more important. Unfortunately, the infrastructure and the envi-
ronment could not keep up with all these advancements; problems could not
be foreseen, so that is what led us to the challenges that we face today: pol-
lution and environmental disasters, traffic congestion and accidents, energy
resources scarcity and high price, etc. Every day, the challenges posed by
economic globalization and climate change become more pressing for institu-
tions and governments to tackle. In this scenario, the role of the transport sec-
tor, particularly the road network, is undeniably significant. The increasing
demand for both passenger travel and goods transportation has contributed
to the ongoing deterioration of quality of life. In addition, both routine and
unexpected traffic jams continue to frustrate citizens, eroding public trust in
the reliability of transportation systems. Researchers and institutions tried
and succeeded in solving, even if partially, some of these problems, at least
in some parts of the world: emission reduction in more effective fuel engines,
traffic control methods, upgrade of infrastructure, campaigns of information
and teaching to the public, etc. Like mentioned before, technology keeps
advancing and the world keeps witnessing new inventions, like electric ve-
hicles, autonomous driving and platooning. These advancements not only
promise individual comfort but also solutions to the problems. For exam-
ple, electric cars powered by renewable resources can reduce significantly
green house emissions and pollution in cities. Autonomous electric vehicles
present a great potential to optimize energy consumption; that’s why their
trajectories need to be carefully planned taking advantage of their regener-
ative brakes to get optimized speed profiles. Autonomous vehicles (AVs) in
general can improve traffic flow and prevent congestion from forming, of
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course apart from the other benefits of more comfort, less travel time, en-
ergy efficiency and so on. They have as well the potential to significantly
improve traffic flow around signalized intersections by leveraging real-time
communication and advanced control systems. Equipped with Vehicle-to-
Infrastructure (V2I) technology, AVs can receive traffic light timing infor-
mation and adjust their speed accordingly to minimize stops and optimize
fuel efficiency. This coordination reduces the formation of queues and pre-
vents sudden acceleration or deceleration, leading to smoother traffic flow.
This concept along with the vehicles being electric, fall in the domain of eco-
driving, a sustainable concept in the automotive sector. The problem is that
not all traditional cars can be immediately, or at least fast enough, be replaced
by AVs; this creates mixed traffic scenarios that are not studied enough and
do not completely provide the promised solution to congestion. Moreover,
some challenges arise from the unpredictable behavior of human-driven ve-
hicles (HVs) and the lack of vehicle-to-vehicle (V2V) and V2I communication.
Modelling and controlling the interaction between the two types of vehicles
is crucial, especially in the absence of real life experiments. Another sub-
ject related to mixed traffic is the travel of autonomous truck platoons on
freeways. Platooning, especially for trucks, can reduce significantly the air
drag for the vehicles traveling within the platoon. Other than fuel efficiency,
autonomous truck platooning can improve traffic flow compared to when
each truck travels alone; this is thanks to better use of road space, less lane
changes, synchronous acceleration and deceleration among the trucks and
less sudden braking. All the previous is possible thanks to the autonomous
functionality and the V2V communication of the trucks. The ultimate goal is
to form as many truck platoons per day as possible, but that presents a big
number of difficulties and challenges. Competition among carriers, lack of
V2I communication, absence of traffic prediction based trajectory planning,
etc. all delay the accomplishment of this ultimate goal. This thesis provides
control schemes and control-oriented models that aim to improve the us-
age of networks and infrastructure, reduce traffic congestion, and ultimately
minimize travel times and energy/fuel consumption. To achieve these goals,
the research presents a real-time planning framework for platoon coordi-
nation decisions based on traffic prediction, enabling autonomous vehicle
groups to dynamically adapt to changing road conditions while optimizing
efficiency. Additionally, a control-oriented highway traffic model is intro-
duced, incorporating multiple clusters of connected autonomous vehicles
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to better capture the interactions between AVs and HVs and enhance traf-
fic management strategies. Furthermore, the thesis addresses the minimiza-
tion of energy consumption for electric autonomous vehicles by formulat-
ing optimal trajectory planning methods that leverage regenerative braking,
ensuring sustainable and energy-efficient operations. By integrating these
approaches, the proposed methodologies facilitate the safe and efficient co-
existence of AVs and HVs while promoting sustainability in modern trans-
portation systems.
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Chapter 1

INTRODUCTION

1.1 Paths of Progress: Advances in Traffic and

Transportation

The idea of doing trades and transporting materials, products and people
started since ancient civilizations. In fact, it is what made it possible for these
civilizations to grow and become stronger in all aspects. Paved roads go
back all the way to the Roman empire which laid the foundation for mod-
ern road networks. Since then, the idea of transportation evolved from just
doing trades, wars and politics into an essential part of almost every indi-
vidual’s life. Globalization made that crucial as the world became virtu-
ally one village, connecting people from all corners of the Earth. Economies
became more interconnected and international trade was expanded; trade
agreements and economic liberalization made it easier for raw materials,
goods and people to cross borders between countries. That made the build-
ing of mega cities possible, which allowed for these cities on the other hand
to demand more and more. Moreover, the right of every person to access
their work, educational and health institutions or travel either inside their
country or to another one for any other reason, and their right to do so com-
fortably, increased incredibly the demand on transportation modes and net-
works. Competitiveness between technological and automotive industries
skyrocketed, increasing pressure to always provide the best and most com-
fortable solutions for customers. As the quality of life improved, the number
of people on Earth increased leading to more demand on cars, international
trade, services and goods delivery; that kept putting pressure on industries
to innovate and find better solutions.
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FIGURE 1.1: "All roads lead to Rome" - Map showing the com-
plex road network of the Roman empire (Source: Newsbeezer -

BBC News)

1.2 Confronting the Costs and Challenges of Mo-

bility and Transportation

Unfortunately, everything has limits and in this case they were reached: the
huge, and still increasing, number of cars and trucks surpassed what the in-
frastructure could handle. That led to a complex problem called congestion
and it is very common nowadays in many urban areas, where road networks
struggle to handle the big number of vehicles, especially in peak hours. The
imbalance between road capacity and traffic demand affects millions of peo-
ple and reduces the quality of life that was promised, causing reduced speeds
(sometimes no movement at all), higher travel times, more toxic gas emis-
sion resulting in more polluted air in small areas, noise pollution, etc. Other
than the previously mentioned cause, congestion can be triggered by one or
a combination of the following:

• Lack and poor coordination of traffic signals: traffic lights can be badly
synchronized, leading to cars stopping more often and for longer times,
especially for higher demand directions and lanes. The absence of these
lights cause human driven cars to act in a way that might lead to ac-
cidents, slower speeds and higher stopping times. Moreover, lack of
traffic signs or their misplacement lead to less coordination and control
of traffic.

• Poor design of road networks: number of lanes, off-ramps, on-ramps,



1.2. Confronting the Costs and Challenges of Mobility and Transportation 3

intersections and roundabouts are all very essential for a smooth traf-
fic flow. Designing them badly and not taking into consideration all
conditions and situations lead to both recurrent and non-recurrent con-
gestion.

• Accidents and incidents: when an accident happens, one or more lanes
are blocked, depending on the severity of the accident and the debris
resulting from it. Consequently, traffic flow is interrupted on the acci-
dent lanes and probably reduced in all other lanes in both directions as
drivers might slow down to watch the accident or the rescue mission.

• Bad weather conditions: road pavements become more slippery in rain
and snow conditions, and vision is reduced greatly in fogs, that is why
drivers become more cautious during bad weather. They start to reduce
their speed, leave a bigger space gap from the vehicle in front of them
and change lanes less frequently. In addition to that predicted behavior,
accidents occur more often in those conditions, leading to congestion
that is unexpected and difficult to resolve in that weather.

• Human driving behavior: driving and changing lanes aggressively or
hesitantly can cause disruptions in traffic flow, reducing the overall ef-
ficiency.

• Lack of public transport: if there are not enough vehicles or modes of
public transport in a city or region, people tend to use more their pri-
vate cars, causing the demand on the network to increase, especially
in peak hours. Besides the size of the fleets, lack of trust in the public
transport can cause the same effect.

• Road works and special events: these are temporary events that reduce
the capacity of the road and cause non-recurrent congestion.

The increase in the use of all modes of road transport not only caused more
congestion but also more pollution. Figure 1.2 shows that the transportation
sector is accountable for almost 17% of the global GHG emission. The scari-
est effect on the environment is global warming that is caused by greenhouse
gases, mainly carbon dioxide CO2, nitrous oxide N2O and hydro fluorocar-
bons HFCs. These gases trap heat coming from the sun within the atmo-
sphere, causing the global temperature average to rise, climate to change
and a lot of catastrophic environmental events to happen. Moreover, high
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FIGURE 1.2: Global GHG emissions in 2021 by sector (Source:
World Resources Institute)

concentration of these gases in urban areas cause a localized greenhouse ef-
fect, turning the city or an area of it into a heat bubble, leading to an increased
use of energy for climate conditioning.

Pollution has been worrying the world for decades, and despite all the tech-
nological advancements to make combustion engines more fuel efficient and
less polluting, road transport stays on top of the transport sectors in terms
of toxic gases emission, especially CO2 as shown in Figure 1.3, with 74% of
the global emission. These pollutants contribute to the degradation of the air
quality and the health of humans; respiratory and cardiovascular diseases
and increased premature death rates and cancer risk (heart and lungs) are
direct consequences of their high concentration in the air, especially in urban
areas. Humans are not the only ones affected by this pollution as it has a
huge environmental impact. Biodiversity is suffering immensely, not only
directly but also indirectly through acid rains that cause damage to the soil
and water bodies.

Other than environmental and health consequences, traffic congestion and
pollution from road transport have significant economic impacts. In 2021,
traffic congestion alone costs the U.S. trucking industry around 94.6 billion,
due to lost productivity and additional fuel expenses. This includes over
1.27 billion hours of delays and the waste of 6.7 billion gallons of fuel, con-
tributing to higher operational costs for the sector [8]. For the general econ-
omy, congestion cost the U.S. nearly 87 billion in 2018, with major cities like
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FIGURE 1.3: Global CO2 emissions by transport mode in 2018
(Source: Our World in Data)

Boston, Chicago, and Washington, D.C., facing the highest economic losses
due to time wasted in traffic [70][144]. Air pollution further compounds
these losses. Globally, around 1.2 billion workdays are lost annually due to
pollution-related illnesses, which could reach 3.8 billion by 2060. This affects
productivity, healthcare costs, and the environment, with the economic costs
of pollution-related ecosystem damage exceeding 5 trillion per year [98]. To-
gether, the combined effects of congestion and pollution present a major eco-
nomic burden on society, highlighting the need for sustainable solutions in
transport and urban planning.
The main goal of this thesis is to suggest methods and control schemes to
reduce congestion and increase energy/fuel efficiency. Despite not address-
ing pollution directly, these models and schemes contribute indirectly to a
reduction in pollutants emission, by reducing travel times and high acceler-
ations/decelerations.

1.3 Navigating a Greener Future: Sustainable

Transport Innovations

To help reduce all the problems mentioned, sustainability emerged as part
of the plan. It aims to reduce the negative effects of transportation systems
on humans and the environment, while making sure they remain efficient,
accessible and affordable to everyone. The problem to fix is a complex one
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because it depends on the availability of resources, the advancements of tech-
nology and infrastructure, and the mindset of people. That being said, sus-
tainability can be divided into three main aspects: technological, managerial
and informative.

1.3.1 Technological aspects

A logical approach to reduce the high emissions of road transport is to im-
prove the technology that powers the vehicles. Improving the engine’s effi-
ciency seems to be a good idea until it is not enough, that’s why more modern
solutions as the electrification of cars and their automation emerged:

Improvements to the conventional engines
With road transport contributing significantly to resources depletion and pol-
lution, the need for technological advancements had to be part of the pave-
ment of the sustainable path. It started with the improvement of the already
very popular type of vehicles, the ICE vehicles. Fuel efficiency and reduc-
tion of toxic gas emission are the main goals and it is achieved through dif-
ferent ways: better vehicle aerodynamics, lighter body materials, more effi-
cient and advanced engine components and systems, turbocharging, variable
valve timing, etc. The next step was the introduction of the hybrid engine, a
combination of an ICE and an electric motor, allowing for reduction of fuel
consumption and the use of advantages offered from both engines: the clean
and calm functioning of the electric motor and the torque provided from the
ICE when needed on slopes and high accelerations.
Other improvements include the introduction of bio-fuels, like ethanol and
bio-diesel, which are blended with the commonly used fossil fuels. These
additives are produced from renewable biological sources (crops, waste, etc.)
and help reduce GHG emissions. A zero-emission alternative to conven-
tional fuels is hydrogen fuel cells that emit only water vapor, but this solution
is challenging, especially for producing and storing hydrogen.

Electrification of vehicles
Recent years showed a transformative shift from ICE vehicles to ones with
electric powertrain, relying fully on electricity. The goal is to lower pollution
and greenhouse gas emissions and to improve air quality, especially in cities,
as fully EVs do not emit tailpipe gases. These vehicles are powered only
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by large battery packs which are charged by external electric sources. When
these sources are renewable, EVs have a very low carbon footprint but there
are still some challenges that face this transformation; high costs, difficulties
in investments and building charging infrastructure that can satisfy the de-
mand are delaying the increase in number of electric vehicles in the markets.
The life cycle emissions of EVs in the United States are now approximately
60% lower than ICE vehicles; this translates to nearly 50 tons of CO2 equiva-
lent saved over the vehicle’s lifespan [2][37].

Autonomous driving
Self-driving technology, or autonomous driving in other words, is the next
level of driving that allows the vehicles to drive from point A to point B
without the need for human intervention, including navigation, operation
and any necessary action required to arrive on time, while of course respect-
ing the rules, safety and comfort of the passengers. This technology was and
still is a hot topic during this last decade, but the concept dates back to about
a century ago. Nowadays, it has come a long way, allowing for real-world
applications, with some AVs on few markets. Autonomous driving is catego-
rized into different levels, organized by the Society of Automotive Engineers
(SAE) [126], from Level 0 (no automation) to Level 5 (full automation with ab-
solutely no need for any human intervention) and the self-driving vehicles
currently on the market are either of Levels 2 or 3, meaning partial automa-
tion. AVs use a combination of different technologies in order to percept,
interpret and navigate:

• Perception: through sensors like Lidar, cameras, radar and ultrasonic
sensors.

• Mapping and localization: through high detailed maps, GPS and Iner-
tial Measurements Units (IMUs).

• Path planning: either short term (for example lane change, acceleration,
deceleration) or long term (for example optimal routing, traffic predic-
tion).

• Vehicle-to-vehicle (V2V) or Vehicle-to-infrastructure (V2I) communica-
tion: which enables AVs to prevent potential accidents and gather real-
time information that can help with finding the optimal route.
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Platooning
Thanks to vehicle automation and V2V communication, the formation of
group of connected autonomous vehicles (CAV) that travel with a short inter-
vehicular distance on highways is possible. These vehicles are able to co-
ordinate their speed and acceleration with little to no human intervention.
Platooning, especially for trucks, presents several benefits like fuel/energy
consumption reduction, increased road capacity and more safety thanks to
very short reaction times.

1.3.2 Managerial aspects

In order to ensure that technological solutions are effective as much as possi-
ble, some changes are done on the managerial level, providing policy changes,
infrastructure improvements and other:

Public transport
Buses, trams, trains, metros, etc., transport a great number of people, reduc-
ing the number of private vehicles on the road, which helps to minimize
congestion and pollution, especially if they are powered by electricity. In-
creasing their numbers, making them affordable and ensuring they stay in
good conditions encourage people to use them more often, ensuring their ef-
ficient usage.

Shared mobility
Car-sharing and bike-sharing, like Uber and Lyft, can reduce congestion and
emissions by reducing private vehicles on the roads.

Micro mobility
Scooters and bikes, electric or conventional, stationed all around the city can
provide a sustainable alternative for citizens who have short trips.

Intelligent transportation systems (ITS)
These are smart traffic management systems, technologies and applications
with the aim of managing traffic flow, reducing congestion and optimizing
travel routes. By integrating real-time information processing, ITS promote
an optimized road network and an efficient and sustainable transportation.
They include, but not limited to: dynamic traffic signal control, ramp meter-
ing, incident detection and management, eco-driving assistance, etc.
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Stricter emission regulations and fuel economy standards
Governments worldwide are enforcing stringent emission standards (e.g.,
Euro 6, CAFE standards) to reduce NOx, PM, and CO2 emissions from ve-
hicles. These standards push automakers to innovate and develop cleaner
engines.

Zero-Emission Zones (ZEZs)
Some cities have implemented ZEZs, where only electric or very low-emission
vehicles are allowed. These zones help reduce air pollution in densely popu-
lated areas.

1.3.3 Informative aspects

This part of the sustainability plan focuses on the individual level, raising
awareness and ensuring that people understand the gravity of the situation
and the need to improve our behavior in order to make sure the world re-
mains in good conditions for future generations:

Eco-driving
As the behavior of drivers impacts the energy/fuel efficiency of their ve-
hicles, teaching them eco-driving techniques, such as smooth acceleration,
proper tire inflation, and minimizing idling, can reduce fuel consumption
and emissions.

Increased Awareness
Public awareness campaigns about the environmental impact of vehicle use
and the benefits of a modal shift to more sustainable transport options (e.g.,
carpooling, public transport, EVs, cycling, etc.) can encourage more environ-
mentally friendly transportation choices.

1.4 Objectives and structure of the thesis

In this section, an elaboration of the objectives and chapters of the thesis is
presented. The focus of this work in general is on autonomous vehicles in
traffic: defining control schemes and control-oriented models to reduce con-
gestion, improve energy efficiency and reduce travel times. More specifically,
Chapter 2 presents traffic modeling theory and its different categories, based
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on the point of view of the traffic and the predicted output. It provides de-
tailed formulation of two well known macroscopic models, METANET and
CTM; the latter is the base of the work presented in the same chapter, while
the former is used to predict traffic speeds in Chapter 3. Chapter 2 discusses
HVs and CAVs coexistence, modeling of mixed traffic flow and vehicle-based
control. The last section presents a contribution of this thesis that is a control-
oriented highway traffic CTM with clusters of CAVs along with case studies
and simulation results. This contribution is based on the work published
and presented in the 26th IEEE International Conference on Intelligent Trans-
portation Systems that was held in September 2023 in Bilbao, Spain.

Chapter 3 focuses on platooning, specifically for trucks. Truck platoon trips,
from initial phases of planning until arrival to destination, will be addressed
with the emphasis on the effect of traffic conditions. The contribution to
the thesis in this chapter is real-time planning of platoons coordination deci-
sions based on traffic prediction. These decisions include the merge and split
of platoons, while taking into consideration improving the travel of truck
platoons in freeways with the goal of arriving on time to their destinations.
METANET is used to predict traffic conditions for the mentioned work and
case studies and simulation results are presented, showing the effectiveness
of the proposed scheme. This contribution is based on the work published
and presented in the 22nd of the EUCA Series of European Control Confer-
ences, which was held in June 2024 in Stockhol, Sweden.

Finally, Chapter 4 addresses eco-driving techniques and algorithms applied
to vehicles. The work of the thesis related to this part focuses on trips from an
initial state of position and speed to a final one for electric autonomous ve-
hicles that are equipped with regenerative breaking. Its speed is controlled
to ensure a smooth and energy-efficient trip, without brut acceleration or
deceleration. An extension of this work takes into consideration a traffic sig-
nal with fixed switching time on the way of the vehicle; this application is
called GLOSA and allows the EV to cross the signal with minimal to no wait-
ing time, making sure that energy efficiency and smooth speed profiles are
achieved. The contribution in this chapter was submitted to a scientific jour-
nal and is still under review.
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Chapter 2

Traffic modeling

2.1 Introduction

As discussed in Chapter 1, population growth and rapid urbanization, along
with the improvement of the individual well-being, increased the number of
vehicles and the complexity of traffic systems. Simple solutions were enough
and helped reduce congestion until they could not anymore; in the early 20th
century, improving traffic flow was done by simple observations and rules-
of-thumb which increased the efficiency of the overall network. Unfortu-
nately, by the middle of the 20th century, they weren’t enough. Inspired by
fluid dynamics, mathematical modeling introduced itself as the new age so-
lution: vehicles flow was compared to fluid flow and the first models were
revealed. This revolutionized how traffic is observed and predicted and al-
lowed for planning of future infrastructure and policy projects. Models even
allowed testing the introduction of new traffic systems and control strate-
gies. This was all thanks to mathematical equations and relations that de-
scribed real traffic systems and allowed traffic flow theory to flourish in the
last century. Autonomous vehicles, truck platoons and mixed traffic are few
examples of modern introductions and modifications to traditional traffic,
and models are always updated to take into consideration these changes.
This chapter is organized as follows: Section 2.2 gives an overview of ap-
proaches for HVs traffic flow modeling and its importance, Section 2.3 gives
a detailed description of the well known METANET that will be used in the
thesis work of Chapter 3, and Section 2.4 introduces the CTM model in de-
tails. Section 2.5 presents the state of the art in modeling of mixed traffic of
CAVs and HVs while Section 2.6 introduces the contribution to the state of
the art that is a control-oriented version of the CTM for mixed traffic and
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is based on the work published in the 2023 IEEE 26th International Confer-
ence on Intelligent Transportation Systems (ITSC), held in Bilbao, Spain [31].
The aim of this work is to model the presence of multiple clusters of CAVs
that, if properly controlled, can positively influence traffic behavior by act-
ing as actuators of specific control strategies. The cells of a highway stretch
are divided into two categories: cells with no clusters of CAVs and cells with
a cluster of CAVs. For the first type of cells, the model is the same as the
classical CTM. For the second type, we model the presence of a cluster as a
moving bottleneck that divides the cell into different parts corresponding to
the part of the cell in front of the cluster (downstream cell), and the part of the
cell behind the cluster (upstream cell). The proposed control-oriented traffic
model has been tested on a case study based on real traffic data, showing the
effectiveness of grouping the CAVs in clusters to improve the traffic flow.

2.2 Traffic flow modeling

As road networks kept growing and became more and more complex, scien-
tists made sure that models kept up as they are very important and crucial
for modern world mobility:

Congestion simulation and prediction
With input traffic data, models are able to predict potential congestion points
in the network. This allows traffic monitoring centers to identify bottlenecks
and causes for congestion before they occur. The models can also help iden-
tify appropriate solutions like re-routing of vehicles, ramp metering, visual
warnings and speed recommendations, variable maximum speed, etc., and
this helps improve the overall efficiency of the network.

Environmental impact
Thanks to helping in congestion reduction, traffic models already assist to the
reduction of toxic gases emission. But their contribution does not end here
as some models also estimate emission from vehicles, which gives a more
accurate number to deal with.

Infrastructure planning
Traffic models provide an understanding of traffic patterns and identification
of high risk and high congestion areas, which allows officials to make better
policies and push for the improvement of infrastructure. Models also allow
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the prediction of future demands, helping planners to design appropriate fu-
ture infrastructure and public transportation projects serving the growth in
population and mobility needs.

Multi-modal/multi-class traffic modeling
In order to represent the interaction between different classes of vehicles
(cars, buses, trucks, motorcycles, etc.), models are expanded to become multi-
class, allowing a more detailed study of traffic flows. Moreover, as part of
sustainability, multi-modal models incorporate pedestrians, bicycles, public
transport and others into traditional traffic. This helps better planning of sus-
tainable areas and cities.

Mixed traffic modeling
Mixed traffic implies to the integration of AVs in traffic, and traffic models
are needed more than ever to study their impact on flow, safety and overall
efficiency. As real world experiments and scenarios are very limited, interac-
tions between HVs and AVs need to be simulated, allowing for control strate-
gies and infrastructure plans to be tested and studied. The limited numbers
of AVs can play a crucial role in controlling traffic as part of the vehicle-based
traffic control; AVs have the possibility to force a speed reduction or a lane
change of the traffic behind them which helps reducing congestion down-
stream. One goal of this thesis is to propose a mixed traffic model that repre-
sents AVs as clusters and allows for traffic control strategies.

Traffic modeling has evolved into a vital tool that supports the sustainability
of urban development, the protection of the environment and the efficiency
and safety of road networks. When it started in the 1950s, it was mainly
macroscopic that represented mathematically the vehicles flow as a flow of
fluids. Then in the late 20th century, advances in computing power allowed
more complex models to exist, that work from a microscopic point of view
and simulate individual vehicle behavior, or work with a mesoscopic per-
spective, combining macroscopic and microscopic characteristics.

2.2.1 Macroscopic traffic modeling

As the name suggests, this type of modeling is best suited for large-scale anal-
ysis and traffic flow management. It is useful to model congestion and eval-
uate impacts on emissions, mainly in highways and arterial roads, where the
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individual behavior of vehicles is less relevant compared to their collective
behavior. Macroscopic models consider traffic flow as a continuous fluid-
like entity, analyzing its aggregated properties for a position x and time t
such as density (ρ(x, t) described as the number of vehicles per unit of length
[veh/km]), flow rate (q(x, t) defined as number of vehicles passing through
a location in a specific time instant [veh/h]) and average speed (v(x, t) ex-
pressed in [km/h]). The conservation of mass, one of the fundamental prin-
ciples of conservation, presents the continuity equation in traffic flow theory:
the number of vehicles must be conserved over time. In fact, a small segment
of the road is considered as a closed system and the number of vehicles enter-
ing, leaving and remaining withing this segment over a period of time must
be balanced; in other words, the vehicle density in this segment increases or
decreases during a time period depending on how many vehicles enter and
leave. This conclusion is based on that the traffic flows in one direction, there
is no dispersion of vehicles and the road segment has no entrances or exits,
like shown in Figure 2.1.

x x x+Δ 

xΔ 

FIGURE 2.1: Road segment of length ∆x

Assuming that the density is uniform and continuous on the whole segment,
the number of vehicles in a small segment of the road ∆x is given by:

N(x, t) = ρ(x, t)∆x. (2.1)

As the number of the vehicles is conserved, its rate of change is equal to:

∂N(x, t)
∂t

=
∂

∂t
(ρ(x, t)∆x) = ∆x

∂ρ(x, t)
∂t

. (2.2)

As q(x, t) is the flow entering the road segment at x at time t, q(x + ∆x, t) is
the flow exiting it at x + ∆x at time t, and the net flow is approximately:

q(x + ∆x, t)− q(x, t) ≈ ∂q(x, t)
∂x

∆x. (2.3)
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By conservation of the number vehicles in the segment ∆x:

∆x
∂ρ(x, t)

∂t
= −∂q(x, t)

∂x
∆x. (2.4)

Dividing by ∆x and simplifying gives the continuity equation:

∂ρ(x, t)
∂t

+
∂q(x, t)

∂x
= 0. (2.5)

As the flow is assumed to be dependent on speed and density:

q(x, t) = ρ(x, t) · v(x, t), (2.6)

the continuity equation is written as follows:

∂ρ(x, t)
∂t

+
∂ρ(x, t)v(x, t)

∂x
= 0. (2.7)

This formulation is the focus of mainly some of the most known macroscopic
models, like the LWR model which was proposed by M.J. Lighthill and G.B.
Whitham in 1955 [88] and independently by P.I. Richards in 1956 [122] and
introduces the fundamental diagram of traffic flow, linking density to traffic
flow. This model is classified as a first-order model because it considers that
the traffic speed depends only on the density:

v(x, t) = V(ρ(x, t)) = v f ree
(

1 − ρ(x, t)
ρmax

)
. (2.8)

As shown in Equation (2.8), traffic speed decreases as density increases and
vice-versa, based on empirical observations as vehicles can travel at free-flow
speed when densities are low and their speed tends to zero at high densi-
ties, like for example in traffic jams. The problem with this relation is that
it assumes that the speed at location x depends only on the density in this
position and not also the density downstream and that each value of den-
sity corresponds to a specific speed. Another non realistic assumption is that
drivers do not have a reaction time, which breaks the limits for accelerations
and decelerations, taking unrealistic values.

Then in 1971, H.J. Payne develops an extension of Whitham’s model [113]
by adding a second differential equation (shown in Equation (2.9)) that cap-
tures the dynamics of the speed of vehicles; this marked the introduction of
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second-order models:

∂v(x, t)
∂t

+ v(x, t)
∂v(x, t)

∂x
=

1
τ
(V((x, t))− v(x, t))− 1

ρ(x, t)
∂p(x, t)

∂x
, (2.9)

where τ is a relaxation time parameter reflecting the reaction time of drivers
(smaller τ means less reaction time) and p(x, t) represents traffic pressure
reflecting interactions between vehicles. The particular terms of this speed
dynamics equation are:

• v(x, t) ∂v(x,t)
∂x : a convective term that shows spatial rate change of the

speed and models how the speed of a vehicle is influenced by the traffic
speed approaching a certain position x.

• 1
τ (V((x, t))− v(x, t)): a relaxation term that represents the will of drivers
to adjust their speed towards the equilibrium speed V(x, t), based on
the current density.

• ∂p(x,t)
∂x : a pressure gradient term that shows the influence of traffic pres-

sure on the speed of the vehicles. It accounts for driver reactions to the
density of nearby vehicles as he will accelerate if he notices a decreasing
density downstream and vice-versa.

Thanks to these new terms in the speed equation, a more accurate representa-
tion of traffic dynamics was established. Further improvements were made
in the METANET model [95], that will be detailed in one of the following
sections. Another improvement to the Payne-Whitham model is the ARZ
model, which has a new velocity equation. This work came as the results of
Cassidy and Windover [30] and Daganzo [38] showing that disturbances in
PW model travel faster than traffic velocity and as a result, a vehicle on the
freeway is influenced from both behind and front, indicating that traffic flow
is isotropic. Zhang [156] however explained that traffic flow is anisotropic be-
cause drivers are mostly influenced by the traffic in front of them. To fix this,
Aw and Rascle [11] and Zhang [157] separately introduced the traffic mo-
mentum concept which consists of a desired speed that drivers aim to main-
tain and contains itself a traffic pressure component, which is a more flexible
and realistic approach to capture stop-and-go phenomena and sharper tran-
sitions in congested traffic while avoiding negative speeds. Going back to
first-order models, the Cell Transmission Model (CTM) [39] is a discretized
model but its continuous form resembles the one of the LWR. In the CTM,
the flow depends on the density and is bounded by the road capacity. It will
also be shown in details later on in this chapter. These macroscopic models
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are foundational in traffic modeling and are suitable for large networks and
control strategies thanks to their low computational effort.

2.2.2 Microscopic traffic modeling

Instead of describing traffic flow from a high point of view with dynamics of
traffic as a whole (density and flow) like in macroscopic models, microscopic
ones represent each vehicle and its characteristics are calculated and studied,
such as position, speed and acceleration, to track its precise trajectory over
time. This detailed modeling also represents the drivers behaviors, such as
reaction time and preferred speed, and the interactions between them at a
very fine level. Microscopic modeling is used widely in traffic simulators
like PARAMICS [28], VISSIM [48], AIMSUN [13] and SUMO [80] (Figure 2.2)
to represent complex scenarios on highways and urban roads.

FIGURE 2.2: A microscopic simulation of a highway using the
tool SUMO [139]

Car-following
This component describes the longitudinal movement of the vehicles, either
forwards or backwards, showing that a driver accelerates/decelerates to ad-
just their speed in response to the speed of the vehicle directly ahead and the
distance between them. Car-following models evolved throughout the years
from just ways to understand the dynamics of individual vehicles and their
interaction with others to crucial parts of traffic simulation and autonomous
vehicles development. Their theory dates back to the 1950s, specifically in
[115], [121] and [34] and in that last work specifically, Chandler, Herman,
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and Montroll introduced the concept the acceleration of a vehicle depend-
ing on the speed difference (or “stimulus”) between itself and the preceding
vehicle. Some of the most notable models in car-following are:

• The Gazis-Herman-Rothery model (General Motors Model): the GHR
model [55] described a driver’s acceleration as dependent on both their
current speed and the speed difference between their vehicle and the
vehicle in front.

• Gipps’ model: Gipps introduced the safe braking distance from the
vehicle in front [57], assuming that every driver adjusts their speed,
according to their reaction time and maximum braking capability, in
order to avoid colliding with the vehicle in front of them.

• Helly’s model: Helly calculated the acceleration of the vehicle based on
the speed difference with the vehicle ahead and the distance between
them, while considering a desired minimum spacing [62].

• The intelligent driver model: Treiber, Hennecke, and Helbing devel-
oped the IDM in [140] to reproduce realistic traffic phenomena, like
and stop-and-go waves. It represents the acceleration as depending on
a desired speed, a safe time headway, a maximum acceleration, a com-
fortable deceleration and a minimum spacing. Thanks to its suitability
for capturing realistic congested traffic, the IDM is used as a standard
in autonomous vehicles studies.

• Newell’s car-following model: this model [102] is a simplified version
of the other models that calculates the position of each vehicle with the
assumption that the driver maintains a constant time and distance lag
behind the vehicle in front.

A more detailed history of car-following models is shown in [24] and [54].
With the increase in number of AVs, car-following models present a power-
ful tool to represent mixed traffic, addressing heterogeneous driver behaviors
and complex traffic management systems. In fact, adaptive ones represent
how AVs can interact with HVs to optimize traffic flow and safety, taking
into consideration driver profiles, real data and V2V communication.

Lane changing
This component of microscopic modeling describes the lateral movement of
vehicles as a decision to change lanes and a gap acceptance, which is the will-
ingness of a driver to merge into a gap in the adjacent lane. This behavior is
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very important to model as it impacts safety and congestion, and represent-
ing it is one of the most difficult problems to solve. The earliest lane-changing
models appeared in the 1960s and 1970s, and were qualitative representing
basic principles and rules of when and why to change lanes. The most no-
table work back then is the Gipp’s model [58] that established simple rules for
decision-making, like determining if the other lane has a large enough gap to
move to while taking into account the motivation of the driver (moving into
a faster lane, etc.) and opened the door for later models to be created. Models
proposed in the late 1980s and 1990s were decision-based and they involved
evaluating a certain criteria before making a lane change like in [3]. Later
models studied the lane changing process more in details and categorized it
into three levels:

• Strategic level: this level consists of high level choices like routing of
vehicles to arrive to their destinations.

• Tactical level: this level focuses on short term goals and the decision
to change lane is influenced by the surroundings of the driver, like in a
congestion or approaching the desired exit from a highway.

• Operational level: lane changing in this level is influenced by avoiding
collisions and failure to maintain safe distance from the vehicle ahead,
taking into account speed and headway.

Examples of works presenting these models are [78], [142] and [127].

Cellular Automata Models
They are grid-based mathematical models that use simple rules to represent
complex systems, like traffic flow modeling where they combine both the
longitudinal and lateral movement concept of the vehicles. The road is di-
vided into discrete cells, with a length enough for contain one vehicle, or to
stay empty. Vehicles move from one cell to another based on pre-defined
rules, which makes these models simple and suitable for simulating large
traffic systems. Time is discretized into steps and vehicle positions are up-
dated at each step. The first concept in traffic flow was proposed in 1992 as
the Nagel-Schreckenberg model for freeway simulation [100] which estab-
lished the basic rules and structure that are still used today. Vehicle speed
is updated based on the cell ahead: the vehicle increases its speed by one
cell per time step up to a maximum speed as long as there is space ahead,
and decreases it if another vehicle is detected to avoid collision that will be
caused by the current speed. Lane changing occurs based on the occupancy
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and speed of adjacent cells, and of course rules that deem it beneficial or
necessary. Cellular automata (CA) models have a high computational effi-
ciency, are able to model complex phenomena and are presented in several
works and studies like [52, 36, 76, 20]. CA modeling represents as well the
base for agent-based models where each vehicle is treated as an agent with
decision-making capabilities, opening the way for simplified AVs simulation
in mixed traffic, in which they use behavior-based and real-time data for de-
cisions [141, 16].

2.2.3 Mesoscopic traffic modeling

Combining detail and computational efficiency, mesoscopic models are a
middle ground between microscopic and macroscopic models. They repre-
sent traffic by modeling aggregate and individual characteristics: they track
for example density and average speed, while representing all or some vehi-
cles as clusters or platoons. This allows them to capture detailed vehicle in-
teractions while simplifying some individual vehicle dynamics, which makes
them suitable for large-scale simulations with moderated computational ef-
fort. One of the approaches that made this idea possible is comparing the
behavior of gases to that traffic thanks to many similarities like density and
flow rates, stop-and-go waves compared to shock waves, pressure-like ef-
fects and others. Different modeling approaches are shown in [68]. Among
the latest works, we can find the one in [67] where a multi-lane and multi-
class framework inspired by gas kinetics is designed. Away from the be-
havior of gases, some researchers proposed other types of methodologies.
For example, using head-way distribution for traffic modeling is considered
essential for capturing interactions between vehicles while estimating flow
characteristics and traffic density. Using different probability distributions,
different models were proposed, like in [101] and [145]. Another methodol-
ogy is clustering models, where groups of vehicles are represented as single
entities that move and interact on the road. Vehicles can be grouped based on
distance/speed [68] and different clusters can interact with each other, like
merging or splitting [59]. Both head-way distribution and clustering tech-
niques are used for representing AVs in mixed traffic, as will be shown later
in Section 2.5. Other than lacking the fine detail of individual vehicle behav-
ior, limitations of mesoscopic models consist of non-suitability for real-time
applications as they have a large number of variables.
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2.3 METANET Model

2.3.1 Introduction

Modèle d’Ecoulement du Traffic Autoroutier NETwork, or METANET for
short, was first introduced by Albert Messmer and Markos Papageorgiou
in 1990 [95]. It builds on the principles of the macroscopic point of view
of traffic modeling, notably the Lighthill-Whitham-Richards (LWR) model,
but extends it to a system of ordinary differential equations that can han-
dle multi-segment networks and represent them through an acyclic graph
made of freeway stretches with uniform characteristics, freeway ramps and
branching. The equations also incorporate detailed traffic dynamics, like
flow, speed and density, that can be modeled continuously over space and
time. METANET also incorporates a speed adaptation to model how vehi-
cles adjust their speed based on density in their segment and downstream,
inflows from ramps and closing of some lanes. Freeway traffic networks are
its primary application [79] and it helps understand overall traffic evolution,
as well as congestion patterns and shockwave effects. Thanks to its deter-
ministic and discrete nature, it is well-suited and widely applied in traffic
control systems like route guidance, dynamic speed regulation, lane control
and ramp metering [61, 107, 108, 29]. Moreover, METANET can model free-
way traffic behavior in two different ways like explained in [79]: the first way
is the non destination-oriented mode when the traffic assignment problem is
not taken into account, and the second way is the destination-oriented mode
when the road users can choose from different alternative paths to plan their
travel, which can be used to solve routing issues. The first way will be pre-
sented in this section resulting in the equations being independent from the
destination of the vehicles. Only origin and freeway links will be considered
in this model (no on-ramps or off-ramps) as it will be used in the work shown
in Section ??.

2.3.2 Formulation of METANET

In METANET, the freeway network is represented with an oriented graph
composed of O origin links and M freeway links. In turn, each freeway link
M is divided into Nm sections of equal length length Lm and λm is the number
of its lanes. Time as well is discretized into K time steps of sample time
interval equal to T, which is normally equal to 10 [s] for freeways. In the
following, k = 0, ..., K denotes the temporal stage, o = 1, ..., O represents
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FIGURE 2.3: METANET freeway link variables

origin link, m = 1, ..., M indicates freeway link, i = 1, ..., Nm indicates section
i of the freeway link m. Taken all that into account, a condition is required to
be fulfilled for achieving numerical stability:

Lm > v f ree
m,i T, (2.10)

where v f ree
m,i is the average speed of the traffic in free-flow conditions. To

describe the dynamic traffic evolution in origin and freeway links, the main
aggregate variables are: (like shown in Figure 2.3):

• ρm,i(k) is the traffic density in section i of link m at time instant kT (ex-
pressed in vehicles per kilometer per lane);

• vm,i(k) is the mean traffic speed in section i of link m at time instant kT
(expressed in kilometer per hour);

• qm,i(k) is the traffic flow leaving section i of link m during time interval
[kT, (k + 1)T) (expressed in vehicles per hour);

• dO
o (k) is the the traffic demand of vehicles requiring to access the main-

stream from the origin link o at time instant kT (expressed in vehicles
per hour);

• lO
o (k) is the queue length of vehicles waiting at origin link o at time

instant kT (expressed in vehicles);

• qO
o (k) is the outflow traffic volume from the origin link o during time

interval [kT, (k + 1)T) (expressed in vehicles per hour).

The density, speed and flow represent the traffic dynamics (Figure 2.3) and
are described for freeway links in the following equations:
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ρm,i(k + 1) = ρm,i(k) +
T

Lmλm

[
qm,i−1(k)− qm,i(k)

]
m = 1, . . . , M, i = 1, . . . , Nm, k = 0, . . . , K − 1 (2.11)

vm,i(k + 1) = vm,i(k) +
T
τ

[
V(ρm,i(k))− vm,i(k)

]
+

T
Lm

vm,i(k)
(
vm,i−1(k)− vm,i(k)

)
−

νT
(
ρm,i+1(k)− ρm,i(k)

)
τLm

(
ρm,i(k) + χ

)
m = 1, . . . , M, i = 1, . . . , Nm, k = 0, . . . , K − 1 (2.12)

qm,i(k) = ρm,i(k)vm,i(k)λm

m = 1, . . . , M, i = 1, . . . , Nm, k = 0, . . . , K − 1 (2.13)

where τ, ν, χ are suitable model parameters, that in a real application have
to be properly tuned with specific identification procedures. Derived from
the conservation equation 2.7, Equation 2.11 describes the dynamics of the
density ρm,i(k + 1) for each section i of link m and is calculated by summing
the density at the previous time step k and the difference between the flow
qm,i−1(k) entering the segment (m, i) from upstream and the flow qm,i(k) ex-
iting it. The flow described in Equation 2.13 is the outflow of each section
(m, i) and is calculated as the product of the density ρm,i(k), the speed vm,i(k)
and the number of lanes in this section λm. As physical accurate relations,
Equations 2.11 and 2.13 are the only ones presented by the model because
the speed described in Equation 2.12 is calculated based on heuristics anal-
ysis. As explained in Section 2.2.1, second-order models improved the LWR
model by adding a a convective term that models how the speed of a vehi-
cle is influenced by the traffic speed, a relaxation term which expresses the
will of the driver to obtain the desired speed V (ρm,i(k)) and an anticipation
term that shows the influence of traffic pressure on the speed of the vehicle.
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METANET proposed two further adjustments for the speed to take into con-
sideration its decrease due to the merging of on-ramps and origin links (2.14)
and due to lane drops in the mainstream (2.15):

−δonT
vm,1(k)qO

o (k)
Lmλm(ρm,1(k) + χ)

(2.14)

where δon is a constant parameter and m represents the leaving link;

−ϕT∆λ
vm,Nm(k)

2ρm,Nm(k)
Lmλmρcr

m,i
(2.15)

with ρcr
m,i the critical density, ϕ a constant parameter and ∆λ = λm − λm+1

is the lane drop. The steady-state speed-density relation present in the relax-
ation term in Equation 2.12 can be expressed as

V (ρm,i(k)) = vfree
m,i ·

[
1 −

(
ρm,i(k)
ρmax

m,i

)l]m

m = 1, . . . , M, i = 1, . . . , Nm, k = 0, . . . , K − 1 (2.16)

where vfree
m,i is the free-flow speed in section i of link m, ρmax

m,i is the jam density
in section i of link m, while l, m, are other model parameters.

Origin links on the other hand need to be modeled by calculating the length
of the queue of vehicles waiting to enter the mainstream (Figure 2.4). The
dynamic evolution of the queue length lO

o (k + 1) at the origin link, denoted
by o = 1, ..., O, may be calculated by adopting a simple queue model and its
equal to the state of the queue length at the previous time step k, plus the
traffic demand dO

o (k), requiring to access in the mainstream, and minus the
origin outflow qO

o (k)

lO
o (k + 1) = lO

o (k) + T
[
dO

o (k)− qO
o (k)

]
o = 1, . . . , O, k = 0, . . . , K − 1 (2.17)

The outflow qO
o (k) in Equation 2.17 is basically the flow allowed to enter the

mainstream and is equal to the minimum of three terms: the sum of the ori-
gin traffic demand and the origin queue length at the time step k, the level
of density of the primary downstream leaving link m, and the origin link
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FIGURE 2.4: METANET origin link variables

capacity qO,max
o , as shown in Equation 2.18:

qO
o (k) = min

{
dO

o (k) +
lO
o (k)

T
, qmax

o , qO,max
o ·

ρmax
m,1 − ρm,1(k)
ρmax

m,1 − ρcr
m,1

}
o = 1, . . . , O, k = 0, . . . , K − 1 (2.18)

As METANET accounts for a network of highways, it includes a model node
equation that accounts for bifurcations or change in link characteristics. It
consists of flow balance equations between flows entering and exiting the
nodes and does not provide information about the traffic dynamic behavior.
The total flow that enters node n = 1, ..., N is denoted as Qn(k), IM

n and
IO
n are the sets of freeway and origin links respectively and On is the set of

links leaving node n. An illustration of a node model is shown in Figure 2.5.
For each network node n, the incoming traffic flow is the sum of the flows
coming from the freeway and origin links:

Qn(k) = ∑
µ∈IM

n

qµ,Nµ(k) + ∑
o∈IO

n

qO
o (k)

n = 1, . . . , N k = 0, . . . , K − 1, (2.19)

where Nµ refers to the last section of incoming link µ, whereas o is the in-
coming origin link. For the same node, the outgoing traffic flow using link
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m, qm,0(k), is calculated as follows:

qm,0(k) = βn,m(k) · Qn(k)

m = 1, . . . , M, n = 1, . . . , N k = 0, . . . , K − 1, (2.20)

where βn,m(k) represents the turning rate, i.e the portion of traffic flow Qn(k)
that leaves node n through link m. As the sum of the outgoing flows has to
be equal to the sum of the incoming flow, for each node n and for each time
step k the following condition must be fulfilled:

∑
m∈On

βn,m = 1

n = 1, . . . , N k = 0, . . . , K − 1, (2.21)

FIGURE 2.5: Flow balance of the METANET node model

In order to calculate the upstream influence of the density in case the node n
has more than one leaving link, the following equation is used:

ρm,Nm+1(k) =
∑m∈On(ρm,1(k))2

∑m∈On ρm,1(k)

m = 1, . . . , M, n = 1, . . . , N k = 0, . . . , K − 1, (2.22)

where ρm,Nm+1(k) is the virtual density used for the last section in Equation
2.12. Now in the case where the node n has more than one entering link,
the downstream influence of speed is calculated through the virtual speed
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vm,0(k) that is used in Equation 2.12:

vm,0(k) =
∑µ∈IM

n
vµ,Nµ(k)qµ,Nµ(k)

∑µ∈IM
n

qµ,Nµ(k)

m = 1, . . . , M, n = 1, . . . , N k = 0, . . . , K − 1, (2.23)

2.4 CTM

2.4.1 Introduction

The Cell Transmission Model (CTM) is a macroscopic traffic flow model in-
troduced in the early 1990s as a computationally efficient and robust method
for modeling traffic dynamics on road networks. It was developed by Carlos
Daganzo in [39] and [40] and it was inspired by the LWR theory as it dis-
cretizes the model into a grid of cells, enabling it to represent traffic dynamics
using simple update rules for density and flow. Each cell has a capacity and a
flow rate based on fundamental diagrams and it uses a conservation equation
to update vehicle densities over time. The equations will be shown in details
later in this section. The model is a first-order model so it models traffic flow
and density without explicitly considering vehicle acceleration or speed, so it
does not capture velocity oscillations or heterogeneous driver behavior. CTM
is widely used in dynamic traffic assignment to optimize routes in real time,
as well in ramp metering and traffic control systems. Another use of the CTM
is in simulation-based studies of highway and arterial networks. Many stud-
ies modified it and upgraded it, like in [132] where the authors modified the
model to incorporate realistic queue discharge behaviors at signalized inter-
sections. Another example is [72] that proposed an expansion to the CTM to
make it a multi-class model. Modeling mixed traffic of CAVs and HVs is also
part of the upgrades that the CTM got, like shown in Section 2.5. The model
described in Section 2.4.2 is derived from the original version proposed by
Daganzo, with different mathematical notation and nomenclature.

2.4.2 Formulation of CTM

As mentioned before, CTM divides the freeway stretch into N cells and time
into K time intervals. Let T denote the sample time [h]. Moreover, on-ramps
and off-ramps are assumed to be present at the interface between two sub-
sequent cells. The quantities described in the model showing the dynamic
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FIGURE 2.6: CTM variables of each cell of the freeway stretch

traffic evolution over time and space for each cell i = 1, ..., N, and for each
time step k = 0, ..., K are:

• ρi(k) is the traffic density of cell i at time instant kT, in [veh/km];

• Φi(k) is the traffic flow entering cell i during time interval [kT, (k +

1)T), in [veh/h];

• Di(k) is the demand of cell i during time interval [kT, (k + 1)T), in
[veh/h];

• Si(k) is the supply of cell i during time interval [kT, (k+ 1)T), in [veh/h].

• Φo f f
i (k) is the flow exiting cell i through the off-ramp during time in-

terval [kT, (k + 1)T), in [veh/h].

• Φon
i (k) is the flow entering cell from the on-ramp during time interval

[kT, (k + 1)T), in [veh/h].

• βi(k) ∈ [0, 1) is the split ratio of cell i during time interval [kT, (k+ 1)T);

• Dramp
i (k) is the demand of the on-ramp of cell i during time interval

[kT, (k + 1)T)[veh/h].

The main variables of the CTM in each cell of the stretch are shown in Fig-
ure 2.6. The parameters that represent characteristics of the highway and of
individual cells are:

• v f
i is the free-flow speed of cell i [km/h];

• wi is the congestion wave speed of cell i [km/h];

• qmax
i is the capacity of cell i [veh/h];

• ρmax
i is the jam density of cell i [veh/km];

• ∆i is the length of cell i in [km];
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• pramp
i ∈ [0, 1] is the priority of the on-ramp flow with respect to the

mainstream flow in cell i , pi ∈ [0, 1] is the priority of the mainstream
flow with respect to the on-ramp flow in cell i , such that pramp

i + pi = 1
for i = 1, ..., N.

The equations describing the state variable which is the traffic density are
given by:

ρi(k + 1) = ρi(k) +
T
∆i

[
Φi(k) + Φon

i (k)− Φi+1(k)− Φo f f
i (k)

]
i = 1, . . . , N k = 0, . . . , K − 1. (2.24)

The flow exiting through the off-ramp is calculated as

Φo f f
i (k) =

βi(k)
1 − βi(k)

Φi+1(k)

i = 1, . . . , N k = 0, . . . , K − 1, (2.25)

since Φo f f
i (k) = βi(k)[Φi+1(k) + Φo f f

i (k)] because the off-ramp flow is equal
to part of the total exiting flow from cell i.

Going back to Equation 2.24, in order to calculate the flows entering and
exiting cells i, CTM presents two important aspects of traffic: the demand
and supply of each cell. Moving from cell i − 1 to cell i, the demand Di−1(k)
is the flow that cell i − 1 could send to cell i during one time step, i.e. [kT.(k+
1)T). On the other hand, the supply of cell i, Si(k), is the flow that cell i is
able to receive from cell i − 1 in the same time interval. They are computed
as in the following:

Di−1(k) = min
{
(1 − βi−1(k)) · vf

i−1 · ρi−1(k), qmax
i−1

}
i = 1, . . . , N k = 0, . . . , K − 1, (2.26)

Si(k) = min {wi · (ρmax
i − ρi(k)) , qmax

i }
i = 1, . . . , N k = 0, . . . , K − 1, (2.27)

and they are shown graphically as functions of the density in Figures 2.8 and
2.7.
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FIGURE 2.7: CTM supply as function of the density

FIGURE 2.8: CTM demand as function of the density

Concerning on-ramps, they merge with the mainstream in the same way two
consecutive cells do. In this case we have two sending cells, one on-ramp
cell and one mainstream cell i − 1 and each with its own demand, and one
receiving mainstream cell i + 1 with its proper supply. Two scenarios can be
distinguished:

• Free-flow case where the receiving cell has enough space to accommo-
date for the flow from both sending cells:

Di−1(k) + Dramp
i (k) ≤ Si(k), (2.28)

which gives that Φi(k) = Di−1(k) and ri(k) = Dramp
i (k),

• Congested case, which is the opposite to the free-flow one and cell i
cannot receive the total sum of the flows that want to enter it:

Di−1(k) + Dramp
i (k) > Si(k), (2.29)
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which gives that:

Φi(k) = mid
{

Di−1(k), Si(k)− Dramp
i (k), piSi(k)

}
(2.30)

and

ri(k) = mid
{

Dramp
i (k), Si(k)− Di−1(k), pramp

i Si(k)
}

, (2.31)

where the function mid returns the middle value.

The merge models consists in reserving or guaranteeing a flow piSi(k) for the
mainstream demand Di − (k) and a flow pramp

i Si(k) for the on-ramp demand
Dramp

i (k).

For the cells that do not have any on-ramps or off-ramps, the flow entering
cell i is calculated as the minimum between the demand of cell i − 1 and the
supply of cell i:

Φi(k) = min {Di−1(k), Si(k)}
i = 1, . . . , N k = 0, . . . , K − 1, (2.32)

considering that βi−1(k) = 0, Dramp
i (k) = 0 and pramp

i = 0.

2.5 Mixed traffic modeling

Coexistence of HVs and AVs is a reality nowadays more than ever and the
penetration rate of AVs in traffic will keep increasing in the future until 100%
of the traffic will consist of this type of vehicles. This future is not near
though, and mixed traffic will exist for many years to come. Since the 1990s,
the integration of AVs into traffic systems has been theorized but early stud-
ies did not consider the interactions between AVs and HVs as they only ex-
amined the isolated effects of AVs on car-following and lane-changing be-
haviors. Throughout the years, countless technological advancements were
made and autonomous driving became more tangible; at the same time, in-
tensive studies were made to examine their impact on mixed traffic, and the
effect of adaptive cruise control [146, 97] and lane merging. Moreover, V2V
and V2I benefited AVs and enabled them to be connected, becoming CAVs,
and to form platoons with a very short inter-vehicular distance, which in-
creases road capacity. A lot of works found that CAVs could improve traffic
flow, efficiency and safety: even a small percentage of CAVs can be used to
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regulate traffic movement and reduce the conditions that lead to congestion
[153, 152]. This is thanks to the behavior of the CAVs and their driving char-
acteristics compared to HVs, like predictable acceleration/deceleration and
lane-changing patterns. Moreover, due to the fact that they process informa-
tion instantly, their reaction times are shorter which leads to smoother traffic
flow and potentially higher capacity [137]. Of course with higher penetration
rate, CAVs have more impact on traffic flow and safety, and this is due to the
fact that at low levels of penetration, CAVs adjust to HVs behavior. Research
examines how traffic flow, congestion and several other traffic scenarios are
affected by different CAVs penetration rate [27, 10].

As this rate nowadays is still very low, and with the lack of real life experi-
ments, there is a need for models that represent CAVs in traffic. Mixed traffic
presents unique challenges and dynamics that differ from traditional traffic
and need to be simulated very well and as close as possible to real life sce-
narios. Microscopic models are the best suited for this task, as they analyze
individual vehicle behaviors. In car-following models, it is taken into consid-
eration that CAVs generally exhibit smoother acceleration and deceleration
patterns than HVs. One example that is often adapted for mixed traffic is
the Intelligent Driver Model (IDM) that incorporates parameters specific to
CAVs and can model different levels of automation [141]. Another example is
the Wiedemann model [147] that is used in the software SUMO [89] and VIS-
SIM [48]; it allows for different driving behavior parameters in mixed traf-
fic thus differentiating between CAVs and HVs. Concerning lane-changing,
CAVs perform it more strategically and conservatively than HVs. A normally
adapted model for CAVs is the Minimizing Overall Braking Induced by Lane
Changes (MOBIL) [77] that accounts for smoother and more predictable lane-
changing behavior. Many traffic simulation tools are used to represent mixed
traffic scenario like shown in [119], where VISSIM, SUMO and AIMSUN are
analyzed and their performance is tested in the cases of CAVs research appli-
cations and their impact on traffic. VISSIM is a commercial simulator, known
for its realistic modeling of individual driver behaviors and lane-changing
maneuvers, supports microscopic simulations for interaction between CAVs
and HVs, particularly for intersection management and lane-changing [137]
[10]. AIMSUN offers tools for simulating CAVs and their impact on traf-
fic flow as it combines microscopic and mesoscopic capabilities to examine
strategic management systems [99]. SUMO on the other hand, does not of-
fer specific features for CAVs but it is an open-source software and is widely
used for mixed traffic simulation. For example in [128], SUMO is used to
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model driver behavior and analyze traffic performance in mixed traffic con-
ditions, focusing on the influence of AV penetration on traffic flow. Another
work using SUMO is [161] where cooperative CAVs in mixed traffic are sim-
ulated, showing their effect on traffic efficiency and safety. Mesoscopic mod-
els are as well used in representing mixed traffic. For example in [93], the au-
thors use a multi-class, simulation-based traffic assignment model to analyze
mixed traffic of connected autonomous vehicles (CAVs) and human-driven
vehicles (HVs). This model incorporates distinct behaviors for each vehi-
cle type, such as system-optimized routing for CAVs and user-equilibrium
for HVs and allows the observation of how increasing the CAV penetration
rate affects overall travel time and road efficiency. Another study in [71] fo-
cuses on mesoscopic traffic behavior at freeway off-ramps. By incorporating
both adaptive cruise control (ACC) and cooperative adaptive cruise control
(CACC) models, they simulate the car-following and lane-changing interac-
tions between human-driven, ACC, and CACC vehicles. Other works that
use mesoscopic modeling for mixed traffic are [85] and [153]. Models like in
[35] and [137], combine multiple distributions (e.g., a mixture of exponential
and normal distributions) to represent diverse driver behaviors and mixed
traffic conditions, such as human-driven and autonomous vehicles. Mixed
distributions are particularly valuable for mesoscopic models because they
capture a broader range of vehicle interactions and adapt to varied traffic
densities. The CTM holds a very high place among the models used in the
mixed traffic modeling domain. For example in [118], the authors propose a
mixed CTM taking into consideration different CAV penetration rates. They
define that a CAV following an HV uses only ACC and uses CACC when
following another CAV, benefiting from V2V communication and allowing
for a shorter head-way and higher capacity. Then they simulate an accident
and find that the vehicle queue that forms behind it gets shorter when the
CAVs penetration is higher. A similar work was done in [148] with focus on
congestion. On the other hand, the work in [135] takes into consideration
the headway distributions and variations in the fundamental diagram with
respect to different penetration rates of CAVs, then the mixed flow and road-
way capacity are derived. Lane changing was also taken into consideration
based on drivers’ anticipation, and it was found as in the other works that
CAVs can improve traffic flow and reduce traffic speed oscillation.

All the advantages of CAVs offer the opportunity of controlling them, allow-
ing the development of vehicle-based traffic control schemes that use CAVs
as actuators. These strategies can enforce human drivers to take a certain
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speed or change lanes to benefit the traffic state and reduce a current con-
gestion or prevent a future one. In [150], a control strategy that depends on
cooperation between CAVs to make traffic flow smoother is presented and
microscopic simulations using cellular automata were used to evaluate it. On
the other hand, macroscopic simulations were used to evaluate the method
proposed in [136]. Taken into consideration both the benefits and inconve-
niences of truck platoons traveling with HVs on highways, some works pro-
pose schemes to control them, either for reducing traffic congestion [114] or
for improving their travel performance [124]. In particular, A hybrid model,
called the Micro-Macro METANET model, was proposed in [111] and it aims
to model traffic density dynamics while taking into consideration the pla-
toon’s occupancy of the highway. This work also proposes a speed control
scheme for the platoon, taken into consideration traffic density ahead. As an
extension, [23] upgrades the scheme to a hierarchy of two levels, a high level
for calculating the reference speed of the platoon and a low one to track it
and implement it realistically. All these works use the presence of CAVs in
traffic to improve traffic systems, but a proper simulation tool would help
trying and improving these strategies. A solution for that is in [125] where
a framework for microscopic simulations in SUMO that uses agents to rep-
resent CAVs in traffic is proposed and tested, as shown in Figure 2.9. How-
ever on the macroscopic levels, models that are able to incorporate control
schemes based on using CAVs as actuators are needed. That’s why a work
presented in this thesis in Section 2.4 proposes a control-oriented CTM that
represents CAVs as clusters, allowing for vehicle-based control strategies to
be performed.
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FIGURE 2.9: A SUMO simulation showing CAVs grouped in a
cluster (in red) in mixed traffic with HVs (in yellow), using the

AGAMAS framework presented in [125]

2.6 A control-oriented highway traffic CTM with

clusters of CAVs

The model presented in this section is a CTM version update to represent the
presence of CAVs used as control actuators in a traffic stream composed of
HVs and is based on the work presented in the ITSC 2023 [31]. The main
peculiarity of this control-oriented model concerns the introduction of CAVs
into the traffic flow, traveling in a close formation within groups of vehicles,
named clusters, that act as moving bottlenecks whose purpose, if properly
controlled, is to regularize traffic in the presence of congestion created by
downstream capacity reductions (due, for example, to traffic accidents, road
works and so on). This allows for less traveling times and shorter conges-
tion duration or even prevention of congestion formation. Two forms of this
model are presented. The first one is a single-lane form, that considers a
stretch of the highway without distinguishing between lanes. It allows to
control the speed of the clusters of CAVs, reducing the speed of the traffic be-
hind them, to form a smoother vehicles flow and to reduce congestion ahead.
The number of CAVs forming the cluster can be changed, as well as the inter-
vehicular distance, the number of clusters entering the mainstream during a
time period and their entrance times. The only thing missing from this model
is the capability of the clusters to block a number of particular lanes that is
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less or equal to the total number of lanes. To address this, a multi-lane form,
inspired by [123] is presented. It considers an additional aspect of traffic
dynamics which is lane changing and allows for clusters to enter the main-
stream from one particular lane (or more), instead of all lanes, and they can
also change lanes during their trip. This gives a new ability to control HVs
traffic by forcing a lane change ahead of a congestion.

The single-lane model with no on-ramps or off-ramps is presented in Section
2.6.1, while Section 2.6.2 presents the multi-lane model. A case study for each
model and its results are shown and studied in Section 2.7.

2.6.1 The single-lane model

As mentioned previously, the version of the model adopted here is simply
representing a one-way freeway road without ramps. Like the conventional
CTM, the road is composed of N cells and the time horizon is divided into K
time intervals with sample time T [h]. In the model, i = 1, ..., N denotes cell i
of the freeway and k = 1, ..., K indicates the time step.

Contrarily to the conventional CTM, CAVs are introduced to traffic in clus-
ters. let us denote with C the multiple clusters of CAVs present in the net-
work, where c represents a single cluster. The parameters of each cluster are:

• nc is the number of CAVs in the cluster c;

• hc is the time headway for the CAVs traveling in cluster c, in [h];

• Lc is the length of the cluster c, in [km];

• ρc is the density in the cluster c, in [veh/km];

• Vc is the desired speed of a cluster c, in [km/h], that is the control vari-
able in the presence of control.

In this model, we assume that CAVs within a cluster travel always main-
taining the fixed time headway, hence the length of a cluster and the density
within a cluster strictly depend on the chosen hc.

The variables describing the dynamics of each cluster are:

• ṽc(k) is the speed which is actually implemented by the cluster c at
time instant kT, in accordance with the encountered traffic conditions
in [km/h];
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• pc
F(k) is the position of the front of the cluster c at time instant kT, in

[km], i.e., the position of the front bumper of the CAV leading the clus-
ter;

• pc
B(k) is the position of the back of the cluster c at time instant kT, in

[km], i.e., the position of the rear bumper of the CAV that is at the tail
of the cluster.

The position of the front and the back of the cluster are respectively updated
according to:

pc
F(k + 1) = pc

F(k) + ṽc(k) · T

k = 0, . . . , K − 1, (2.33)

pc
B(k + 1) = pc

F(k) + ṽc(k) · T − Lc = pc
B(k) + ṽc(k) · T

k = 0, . . . , K − 1. (2.34)

As traffic behaves differently around the clusters, the cells of the highway
are divided into two types: cells with a cluster in them and those without a
cluster. The front and back positions of the cluster, mentioned previously, are
used to detect which cells contain CAVs and which do not. Naturally, each
type of cell is modeled differently and the dynamics equations to both types
are presented in the following sections.

Dynamics of cells without the presence of CAVs

The equations describing the traffic density in these cells are the ones of the
conventional CTM without considering any ramps:

ρi(k + 1) = ρi(k) +
T
∆i

[
Φi(k)− Φi+1(k)

]
i = 1, . . . , N k = 0, . . . , K − 1, (2.35)

where, as a reminder, ∆i is the length of cell i in [km], Φi(k) is the flow en-
tering cell i and Φi+1(k) is the flow exiting cell i and entering cell i + 1. The
flow entering cell i is the minimum between the demand of the previous cell
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i − 1 and the supply of cell i:

Φi(k) = min {Di−1(k), Si(k)}
i = 1, . . . , N k = 0, . . . , K − 1, (2.36)

where the demand and supply of cell i are, respectively, given by:

Di(k) = min
{

vf
i · ρi(k), qmax

i

}
i = 1, . . . , N k = 0, . . . , K − 1, (2.37)

Si(k) = min {wi · (ρmax
i − ρi(k)) , qmax

i }
i = 1, . . . , N k = 0, . . . , K − 1, (2.38)

with qmax
i representing the maximum flow in cell i [veh/h], ρmax

i representing
the maximum density in section i [veh/km], and wi being the congestion
wave speed of cell i [km/h].

Two conditions of the flow, as shown in (2.124), are distinguished as follows:
the free-flow case, where there is enough space for the flow that wants to
enter cell i, i.e.:

Di−1(k) ≤ Si(k) (2.39)

then:
Φi(k) = Di−1(k) (2.40)

and the congested case, which is the opposite of the previous case, in which
not all the flow that wants to enter cell i can actually be received by it, i.e.:

Di−1(k) > Si(k) (2.41)

then:
Φi(k) = Si(k) (2.42)

Dynamics of cells with the presence of CAVs

Let us now introduce the dynamics of cells in which CAVs are present. Specif-
ically in this model, we assume that each cell can contain at most one cluster
of CAVs. Then, some binary parameters are included in the model to identify
the presence of a cluster in a cell, and more in detail to identify whether the
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cluster is present completely in a cell or is traveling between two cells. The
following variables are introduced:

• δc
F,i(k), which is equal to 1 if the front of the cluster is in cell i, and equal

to 0 otherwise, i.e.:

δc
F,i(k) =


1 if 0 <

pc
F(k)

∑i−1
j=1 ∆j

≤ ∑i
j=1 ∆j

∑i−1
j=1 ∆j

0 otherwise
(2.43)

• δc
B,i(k), which is equal to 1 if the back of the cluster is in cell i, and equal

to 0 otherwise, i.e.:

δc
B,i(k) =


1 if 0 <

pc
B(k)

∑i−1
j=1 ∆j

≤ ∑i
j=1 ∆j

∑i−1
j=1 ∆j

0 otherwise
(2.44)

(a)

(b)

FIGURE 2.10: The two examples of a cell with a cluster in it: full
cluster present in cell i (2.10a) and cluster divided between cells

i and i + 1 (2.10b)

From the definitions of these two binary parameters, the position of the clus-
ter can be identified as follows:

• if δc
F,i(k)=δc

B,i(k)=1, then the cluster is entirely contained in cell i (as
shown in Figure 2.10a);
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• if δc
F,i(k)=1 and δc

B,i(k)=0, then the front of the cluster is in cell i while
the back is still in cell i − 1;

• if δc
F,i(k)=0 and δc

B,i(k)=1, then the back of the cluster is in cell i while
the front is in cell i + 1 (as shown in Figure 2.10b).

The whole purpose of the clusters is to block traffic, i.e. HVs behind the CAVs
cannot pass them. As their presence changes traffic behavior, when a cluster
is entirely contained in a cell (Figure 2.10a.a), we suppose that the part of this
cell not occupied by the cluster is virtually divided as follows:

• the portion of the cell downstream the cluster, with dynamic length
∆D

i (k), in [km];

• the portion of the cell upstream the cluster (not null only if the cluster
is fully contained in the cell), with dynamic length ∆U

i (k), in [km];

which are respectively computed as:

∆D
i (k) =

i

∑
j=1

∆j − pc
F(k)

i = 1, . . . , N k = 0, . . . , K − 1, (2.45)

∆U
i (k) = pc

B(k)−
i−1

∑
j=1

∆j

i = 1, . . . , N k = 0, . . . , K − 1. (2.46)

FIGURE 2.11: Macroscopic variables and parameters of a cell
with a cluster

When the cluster is divided between two cells (Figure 2.10b), the cell where
the front of the cluster is has only a downstream cell, and the one where the
back of the cluster is, has only an upstream cell.
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The quantities described in the model showing the dynamic traffic evolution
over time and space in cells where a cluster of CAVs is present (Figure 2.11)
are:

• ρU
i (k) is the traffic density of the upstream part to the cluster of cell i at

time instant kT, in [veh/km];

• ρD
i (k) is the traffic density of the downstream part to the cluster of cell

i at time instant kT, in [veh/km];

• ΦU
i (k) is the traffic flow entering the upstream part to the cluster of cell

i during time interval [kT, (k + 1)T), in [veh/h];

• ΦD
i (k) is the traffic flow entering the downstream part to the cluster of

cell i during time interval [kT, (k + 1)T), in [veh/h];

• DU
i (k) and DD

i (k) are the demands of the upstream and downstream
parts of the cell i respectively during time interval [kT, (k + 1)T), in
[veh/h];

• SU
i (k) and SD

i (k) are the supplies of the upstream and downstream
parts of cell i during time interval [kT, (k + 1)T), in [veh/h];

• Φc
i is the traffic flow entering the cluster c during time interval [kT, (k +

1)T), in [veh/h];

• Dc
i (k) and Sc

i (k) are the demand and supply respectively of the cluster
c during time interval [kT, (k + 1)T), in [veh/h].

Then the density dynamics in the parts of the cell upstream and downstream
the cluster are given respectively as follows. For the first time step in which
the cluster enters the cell, it yields:

ρU
i (k + 1) =

∆U
i (k)
∆i

· ρi(k) +
T

∆U
i (k)

·
[

ΦU
i (k)− Φc

i (k)
]

i = 1, . . . , N k = 0, . . . , K − 1, (2.47)

ρD
i (k + 1) =

(
1 −

∆U
i (k)
∆i

)
· ρi(k) +

T
∆D

i (k)
·
[

ΦD
i (k)− Φi+1(k)

]
i = 1, . . . , N k = 0, . . . , K − 1. (2.48)
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For the remaining time steps until the back of the cluster leaves the cell (as
long as the condition δc

B,i(k) = 1 holds) we have:

ρU
i (k + 1) = ρU

i (k) +
T

∆U
i (k)

·
[

ΦU
i (k)− Φc

i (k)
]

i = 1, . . . , N k = 0, . . . , K − 1, (2.49)

ρD
i (k + 1) = ρD

i (k) +
T

∆D
i (k)

·
[

ΦD
i (k)− Φi+1(k)

]
i = 1, . . . , N k = 0, . . . , K − 1. (2.50)

The overall density in a cell (excluding the presence of the cluster) is always
calculated as follows:

ρi(k) = ρU
i (k) + ρD

i (k)

i = 1, . . . , N k = 0, . . . , K − 1. (2.51)

It is important to note that there is no direct interaction between CAVs and
HVs, so the cluster neither receives nor sends vehicles in adjacent cells, there-
fore:

Φc
i (k) = 0 (2.52)

Sc
i (k) = 0 (2.53)

The demand Dc
i (k), computed as follows, is defined only to assess whether

the cluster can be hosted in subsequent cells:

Dc
i (k) = ṽc(k) · ρc (2.54)

Consequently, in the upstream cell, there is no outflow but an inflow can be
received from the preceding cell i − 1, given by:

ΦU
i (k) = min

{
Di−1(k), SU

i (k)
}

(2.55)

DU
i (k) = 0 (2.56)
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SU
i (k) = min

{
wi ·

(
∆U

i (k)
∆i

· ρmax
i − ρU

i (k)
)

, qmax
i

}
(2.57)

In the downstream cell, on the contrary, there is no flow from upstream:

ΦD
i (k) = 0 (2.58)

DD
i (k) = min

{
vf

i · ρD
i (k), qmax

i

}
(2.59)

SD
i (k) = min

{
wi ·

(
∆D

i (k)
∆i

· ρmax
i − ρD

i (k)
)

, qmax
i

}
(2.60)

and the outflow depends on the availability in the next cell i + 1:

Φi+1(k) = min
{

DD
i (k), Si+1(k)

}
(2.61)

Speed dynamics of the clusters

The previous equations model very well the behavior of traffic in the pres-
ence of these CAV clusters. But as mentioned earlier, this is a control-oriented
model, specifically to control the speed of the clusters. In this thesis, a simple
control case is presented where the cluster takes either a predefined speed
or the speed of traffic in the cell where it is present. Actually, for the first
time step when the cluster enters the cell, the speed of the cluster is set to the
traffic speed of this cell:

ṽc(k) = min

{
Φi+1(k)
ρD

i (k)
, Vc

}
(2.62)

Then, for the following time steps until the front of the cluster leaves the cell,
the speed of the cluster depends on the availability in the cell where the front
of the cluster would be if it proceeds with the previous speed:

p̃c
F(k + 1) = pc

F(k) + ṽc(k) · T (2.63)

where
ṽc(k) = ṽc(k − 1) (2.64)

Using Equation (2.43) and the predicted position of the front, p̃c
F(k+ 1), δc

F,i(k+
1) and δc

F,i+1(k + 1) are calculated.

If the predicted position of the front of the cluster is in cell i (Figure 2.12),
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i.e. δc
F,i(k + 1) = 1 and δc

F,i+1(k + 1) = 0, then a comparison must be done
between the demand of the cluster and the supply in the downstream cell in
order to determine the speed of the cluster. If the supply is greater than the
cluster’s demand, the CAVs move on at their maximum speed. Otherwise,
if the supply is less than the demand, a final check must be done to verify if
the density of the receiving downstream cell is null or not: in the first case,
the cluster can have its maximum speed, while in the second case, it should
have the traffic speed of the cell. The previously mentioned cases are further
explained in the following:

• if Dc
i (k) ≤ SD

i (k), then ṽc(k) = Vc;

• if Dc
i (k) > SD

i (k):

– if ρD
i (k) = 0, then ṽc(k) = Vc;

– if ρD
i (k) ̸= 0, then:

ṽc(k) =
Φi+1(k)
ρD

i (k)
. (2.65)

FIGURE 2.12: The case where using the current speed of the
cluster, its predicted position in the next time step will stay in

cell i

If the predicted position of the front of the cluster is in cell i + 1 (Figure 2.13),
i.e. δc

F,i(k + 1) = 0 and δc
F,i+1(k + 1) = 1, then a comparison must be done

between the demand of the cluster and the sum of the supplies of the down-
stream cell and the next cell i + 1:

• if the demand of the cluster is less than the sum of supplies, i.e. Dc
i (k) ≤

SD
i (k)+ Si+1(k), the cluster proceeds at the minimum speed between its

maximum speed and the traffic speeds of cells i and i + 1:
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FIGURE 2.13: The case where using the current speed of the
cluster, its predicted position in the next time step will be in cell

i + 1

ṽc(k) = min

{
Φi+1(k)
ρD

i (k)
,

Φi+2(k)
ρi+1(k)

, Vc

}
; (2.66)

• in the opposite case, i.e. Dc
i (k) > SD

i (k) + Si+1(k), a check is done to
the densities of the downstream cell and the cell i + 1:

– if both densities are null, i.e. ρD
i (k) = 0 and ρi+1(k) = 0, then the

cluster takes its maximum speed: ṽc(k) = Vc;

– if the downstream cell density is not null, i.e. ρD
i (k) ̸= 0, then the

cluster takes the minimum between the traffic speeds of cell i and
cell i + 1:

ṽc(k) = min

{
Φi+1(k)
ρD

i (k)
,

Φi+2(k)
ρi+1(k)

}
; (2.67)

– and finally if the downstream cell has zero density and the density
of cell i + 1 is not null, i.e. ρD

i (k) = 0 and ρi+1(k) ̸= 0, then the
cluster proceeds at the traffic speed of cell i + 1:

ṽc(k) =
Φi+2(k)
ρi+1(k)

. (2.68)

2.6.2 The multi-lane model

This version model considers the lanes of the one-way freeway stretch sep-
arately, allowing for lane changes for both the CAV clusters and the HVs.
Moreover, it models the on-ramps and off-ramps of the stretch. As in the
single-lane model, the road is divided into N cells and the time horizon into
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K time steps of sample time T [h]. Again, k = 1, ..., K indicates the time step
and i = 1, ..., N denotes cell i of the highway, but in this model every cell i has
a number of lanes equal to Ji so j = 1, ..., Ji represents a lane of cell i. As this
model takes into consideration the on-ramps and off-ramps of the network, î
represents a cell where there is an off-ramp and ĵ represents the shoulder lane
that leads to the off-ramp of cell î. For the rest of this model, the on-ramp is
considered to be at the beginning of a cell and the off-ramp to be at the end
of it.

Clusters in this model behave similarly to ones in the single-lane model, ex-
cept that they can enter the mainstream through a number of lanes that is less
or equal to the total number of lanes, which means they do not necessarily
need to block the traffic in the entire cell. For this purpose, one more clus-
ter variable is added to the ones mentioned in Section 2.6.1, which is jc(k),
the current lane where cluster c is present at time step k, that can be con-
stant through the whole time horizon or vary to simulate a lane change of
the cluster. For the sake of simplicity in the equations stated in this section,
we consider that the cluster does not change lanes through the whole simula-
tion, so jc(k) becomes independent from the time step k and is denoted as jc.
The front and back positions of a cluster are updated exactly like described
in Section 2.6.1 and they are again used here to determine which cells contain
a cluster and which ones do not.

The parameters that represent characteristics of the highway and of individ-
ual cells are:

• v f
i,j is the free-flow speed in lane j of cell i [km/h];

• wi,j is the congestion wave speed in lane j of cell i [km/h],

• qmax
i,j is the capacity of lane j of cell i [veh/h],

• ρmax
i,j is the jam density of lane j of cell i [veh/km],

• ∆i is the length of cell i in [km],

Dynamics of cells without the presence of CAVs

As lanes are distinguished from each other in this model, flows are catego-
rized into lateral and longitudinal and calculated by determining the longi-
tudinal and lateral demands and supplies. HVs can perform lane changes
based on the natural aggregate lane-changing behavior of traffic among ad-
jacent lanes of the same cell and rules are defined in order to properly assign
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and bound lateral flows. The quantities described in the model showing the
dynamic traffic evolution over time and space for each cell i = 1, ..., N, and
for each time step k = 0, ..., K are:

• the density ρi,j(k), i.e. the number of vehicles in cell i, lane j, with no
cluster at time step k, divided by the segment length ∆i;

• Φi,j(k) is the longitudinal traffic flow entering cell i through lane j dur-
ing time interval [kT, (k + 1)T), in [veh/h];

• DLong
i,j (k) is the longitudinal demand of lane j in cell i during time inter-

val [kT, (k + 1)T), in [veh/h];

• SLong
i,j (k) is the longitudinal supply of lane j in cell i during time interval

[kT, (k + 1)T), in [veh/h];

• Φon
i,j (k) is the flow entering from the on-ramp located in lane j of cell i

during time interval [kT, (k + 1)T), in [veh/h];

• Φo f f
i,j (k) is the flow exiting from the off-ramp located in lane j of cell i

during time interval [kT, (k + 1)T), in [veh/h];

• γi,j(k) is the turning rate of traffic at the off-ramp of segment (i, j).

• fi,j, j̄(k), with j̄ ̸= j being an adjacent lane to j, is the lateral traffic flow
moving from lane j to lane j̄ in cell i during time interval [kT, (k + 1)T),
in [veh/h];

• DLat
i,j, j̄(k) is the lateral demand to move from lane j to lane j̄ in cell i

during time interval [kT, (k + 1)T), in [veh/h];

• SLat
i,j (k) is the lateral supply of lane j in cell i during time interval [kT, (k+

1)T), in [veh/h];

• Fi,j(k) is the maximum available flow for lateral movements in the seg-
ment (i, j) at time step k;

• Ai,j, j̄(k) is the attractiveness rate that shows how much an adjacent lane
j̄ is attractive for the driver to change its current lane j to, i.e. if it offers
a lower density.

The traffic flow variables in a multi-lane cell that does not contain a cluster
are shown in Figure 2.14.



48 Chapter 2. Traffic modeling

Flow dynamics in cells without the presence of a cluster of CAVs

To calculate the lateral flow, we need to know the maximum available flow
for lateral movement in cell i lane j, which is based on the current number of
vehicles available in the segment (i, j) :

Fi,j(k) =
∆i

T
· ρi,j(k). (2.69)

Lane j-1

Cell i-1 Cell i
Cell i+1

Lane j

Lane j+1
Φi,j+1 

Φi,j-1 Φi+1,j-1 

Φi+1,j 
Φi,j 

Φi+1,j+1 

f(j,j-1)

f(j+1,j) f(j,j+1)

f(j-1,j)

FIGURE 2.14: Macroscopic flow variables in a cell not contain-
ing a cluster

The lateral flow from segment (i, j) to (i, j̄), where j̄ can be j − 1 or j + 1, is
calculated based on the attractiveness rate Ai,j, j̄ ∈ [0, 1] of the value Fi,j(k). It
takes into consideration that the driver might consider a lane change when
one of the adjacent lanes offers a lower density:

Ai,j, j̄(k) = µ · max

{
0,

Pi,j, j̄(k) · ρi,j(k)− ρi, j̄(k)

Pi,j, j̄(k) · ρi,j(k) + ρi, j̄(k)

}
, (2.70)

where:

• µ is a unique parameter that reflects the aggressiveness in lane-changing
of the drivers and is in the range of [0, 1];

• Pi,j, j̄ is a factor that is mostly equal to 1 but it should be tuned to reflect
particular effects on lane-changing behavior that are dependent on time
or location, if existent depending on the network and the types of ve-
hicles. This factor takes into account the same difference in density be-
tween the adjacent lanes, irrespectively of the considered lane-changing
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direction, thus it respects the relation:

Pi,j, j̄(k) =
1

Pi, j̄,j(k)
(2.71)

Having the maximum possible flow and the attractiveness rate, the lateral
demand is determined as:

DLat
i,j, j̄(k) = Ai,j, j̄(k) · Fi,j(k). (2.72)

In a cell î where there is an off-ramp, specifically for the flow towards the
shoulder lane ĵ, a different approach is considered for the lateral demand:
the number of vehicles in the shoulder lane ĵ should be sufficient to feed the
flow of the off-ramp, Φo f f

î, ĵ
(k), which is a portion of the total flow passing

through the all the lanes of the cell i:

Φo f f
î, ĵ

(k) = γî, ĵ(k)
J

∑
j=1

Φî+1,j(k). (2.73)

So in case where the flow entering segment (î, ĵ) is lower than Φo f f
î, ĵ

(k), the

minimum lateral flow towards lane ĵ to satisfy the off-ramp flow should be
calculated as follows:

f o f f
î, ĵ−1, ĵ

(k) = γî(k)
J

∑
j=1

Φî+1,j(k)− Φî, ĵ(k), (2.74)

and the lateral flow out of the shoulder lane f î, ĵ, ĵ−1(k) is considered 0. The
lateral demand of the flow towards lane ĵ is then calculated as follows:

DLat
î, ĵ−1, ĵ(k) = max

{
Aî, ĵ−1, ĵ(k) · Fî, ĵ−1(k), f o f f

î, ĵ−1, ĵ
(k)
}

. (2.75)

Equation 2.75 calculates the flow that will actually happen if there is enough
space in the target segment (î, ĵ) and also allows for the rejection of negative
values of f o f f

î, ĵ−1, ĵ
(k).

Calculating the lateral supply of a road segment (i, j) is done similarly to
the single-lane model where the space available is the difference between
the maximum density of the segment and the current one, as shown in the
following:

SLat
i,j (k) = [ρmax

i,j (k)− ρi,j(k)] ·
∆i

T
(2.76)
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Having the lateral demands and supplies, the lateral flows to lane j from
lanes j − 1 and j + 1 in cell i are proportionally distributed to take into con-
sideration that the available space in the receiving lane might not be sufficient
to accept the lateral flow entering from both sides:

fi,j−1,j(k) = min

{
1,

SLat
i,j (k)

DLat
i,j+1,j(k) + DLat

i,j−1,j(k)

}
· DLat

i,j−1,j(k)

(2.77)

fi,j+1,j(k) = min

{
1,

SLat
i,j (k)

DLat
i,j+1,j(k) + DLat

i,j−1,j(k)

}
.DLat

i,j+1,j(k)

(2.78)

Now to determine the longitudinal flows between cells, we need to calculate
their longitudinal demands and supplies. These quantities depend, addi-
tionally in this model, on the availability of space or lack of it that is created
by lateral flows. That being said, the longitudinal demand and supply of
segment (i, j) are calculated respectively as follows:

DLong
i,j (k) = min{vf

i · ρi,j(k), qmax
i,j ,

Li

T
· ρi,j(k) + fi,j−1,j(k)

+ fi,j+1,j(k)− fi,j,j+1(k)− fi,j,j−1(k)}, (2.79)

SLong
i,j (k) = min{wi,j ·

(
ρmax

i,j − ρi,j(k)
)

, qmax
i,j ,

Li

T
· ρi,j(k)

− fi,j−1,j(k)− fi,j+1,j(k) + fi,j,j+1(k) + fi,j,j−1(k)}, (2.80)

Then the longitudinal flow entering cell i through lane j is determined as
follows:

Φi,j(K) = min{DLong
i−1,j(k), SLong

i,j (k)}. (2.81)
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As in the previous model, we can see that the value of longitudinal flow is
defined by the state of the traffic: if the traffic is in a free flow state, i.e.:

DLong
i−1,j(k) < SLong

i,j (k), (2.82)

then:
Φi,j(K) = DLong

i−1,j(k), (2.83)

otherwise, in a congested case, i.e.:

DLong
i−1,j(k) > SLong

i,j (k), (2.84)

then:
Φi,j(K) = SLong

i,j (k). (2.85)

Density dynamics in cells without the presence of a cluster of CAVs

After determining the flows that will enter and leave segment (i, j), either
laterally or longitudinally, its density is calculated as follows:

ρi,j(k + 1) = ρi,j(k) +
T
Li

·
[

Φi,j(k)− Φi+1,j(k)

+ Φon
i,j (k)− Φo f f

i,j (k) + fi,j−1,j(k)

+ fi,j+1,j(k)− fi,j,j+1(k)− fi,j,j−1(k)
]

(2.86)

Dynamics of cells with the presence of CAVs

We again assume, specifically in this model, that each lane of a certain cell
can contain at most one cluster of CAVs. The binary parameters δc

F,i(k) and
δc

B,i(k) introduced in Section 2.6.1, along with the lane jc(k) of a cluster c, help
determine the exact position of the cluster longitudinally and laterally. The
cell that fully contains the cluster is, divided into a downstream cell and an
upstream cell of dynamic lengths ∆D

i and ∆U
i respectively, computed like in

the previous model. In adjacent lanes to jc(k), the middle portion of the lane
labeled with ’M’ and parallel to the cluster (as shown in Figure 2.15) moves
with it while keeping a constant length ∆M equal to Lc. The model detailed
below describes that two clusters contained in one cell are treated separately
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but obviously it can be modified to represent these two clusters as one with
an additional parameter of the cluster that shows how many and which lanes
it is occupying.

Let us denote by Nc the set of cells i that contain a cluster in them. That
being said, the quantities described in the model showing the dynamic traffic
evolution over time and space for each cell i ∈ Nc that has a cluster c =

1, ..., C, either fully or partially, for each time step k = 0, ..., K are:

• the density ρU
i,j(k), i.e. the number of vehicles in the upstream segment

of cell i, lane j, with a cluster at time step k, divided by the segment
length ∆U

i (k);

• the density ρD
i,j(k), i.e. the number of vehicles in the downstream seg-

ment of cell i, lane j, with a cluster at time step k, divided by the seg-
ment length ∆D

i (k);

• the density ρM
i,j (k), i.e. the number of vehicles in the middle segment of

cell i and lane j adjacent to the lane of the cluster at time step k, divided
by the segment length ∆M, which is equal to the length of the cluster;

• ΦU
i,j(k) is the longitudinal traffic flow entering the upstream part to the

cluster of cell i through lane j during time interval [kT, (k + 1)T), in
[veh/h];

• ΦM
i,j (k) is the longitudinal traffic flow entering the middle segment of

cell i adjacent to the lane of the cluster through lane j during time inter-
val [kT, (k + 1)T), in [veh/h];

• ΦD
i,j(k) is the longitudinal traffic flow entering the downstream part to

the cluster of cell i through lane j during time interval [kT, (k + 1)T), in
[veh/h];

• DU,Long
i,j (k) is the longitudinal demand of the upstream part of lane j to

the cluster in cell i during time interval [kT, (k + 1)T), in [veh/h];

• DM,Long
i,j (k) is the longitudinal demand of the middle segment of lane

j in cell i parallel to the cluster during time interval [kT, (k + 1)T), in
[veh/h];

• DD,Long
i,j (k) is the longitudinal demand of the downstream part of lane j

to the cluster in cell i during time interval [kT, (k + 1)T), in [veh/h];

• SU,Long
i,j (k) is the longitudinal supply of the upstream part of lane j to

the cluster in cell i during time interval [kT, (k + 1)T), in [veh/h];
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• SM,Long
i,j (k) is the longitudinal supply of the middle segment of lane j

in cell i parallel to the cluster during time interval [kT, (k + 1)T), in
[veh/h];

• SD,Long
i,j (k) is the longitudinal supply of the downstream part of lane j

to the cluster in cell i during time interval [kT, (k + 1)T), in [veh/h];

• f U
i,j, j̄(k), with j̄ ̸= j being an adjacent lane to j, is the lateral traffic flow

moving from lane j to lane j̄ in the upstream part to the cluster of cell i
during time interval [kT, (k + 1)T), in [veh/h];

• f D
i,j, j̄(k), with j̄ ̸= j being an adjacent lane to j, is the lateral traffic flow

moving from lane j to lane j̄ in the downstream part to the cluster of
cell i during time interval [kT, (k + 1)T), in [veh/h];

• DU,Lat
i,j, j̄ (k) is the lateral demand to move from lane j to lane j̄ in the

upstream part to the cluster of cell i during time interval [kT, (k + 1)T),
in [veh/h];

• DD,Lat
i,j, j̄ (k) is the lateral demand to move from lane j to lane j̄ in the

downstream part to the cluster of cell i during time interval [kT, (k +
1)T), in [veh/h];

• SU,Lat
i, j̄ (k) is the lateral supply of the upstream part to the cluster of lane

j in cell i during time interval [kT, (k + 1)T), in [veh/h];

• SM,Lat
i,j (k) is the lateral supply of the middle segment of lane j in cell i

parallel to the cluster during time interval [kT, (k + 1)T), in [veh/h];

• SD,Lat
i, j̄ (k) is the lateral supply of the downstream part to the cluster of

lane j in cell i during time interval [kT, (k + 1)T), in [veh/h];

• FU
i,j(k) is the number of vehicles available in the upstream part to the

cluster of segment (i, j) at time step k;

• FD
i,j (k) is the number of vehicles available in the downstream part to the

cluster of segment (i, j) at time step k;

• AU
i,j, j̄(k) is the attractiveness rate for a lane change from lane j to lane j̄

in the upstream part to the cluster of cell i.

• AD
i,j, j̄(k) is the attractiveness rate for a lane change from lane j to lane j̄

in the downstream part to the cluster of cell i.

• Φc,Long
i and Φc,Lat

i are the longitudinal and lateral traffic flows respec-
tively entering the cluster c during time interval [kT, (k+ 1)T), in [veh/h];
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• Dc,Long
i (k) and Sc,Long

i (k) are the longitudinal demand and supply re-
spectively of the cluster c during time interval [kT, (k+ 1)T), in [veh/h].

• Dc,Lat
i (k) and Sc,Lat

i (k) are the lateral demand and supply respectively
of the cluster c during time interval [kT, (k + 1)T), in [veh/h].

Flow dynamics in cells with the presence of a cluster of CAVs

To calculate the lateral flows in a cell with a cluster, first the maximum avail-
able flows for lateral movement in the upstream and downstream cells are
calculated respectively as:

FU
i,j(k) =

∆U
i (k)
T

· ρU
i,j(k) (2.87)

FD
i,j (k) =

∆D
i (k)
T

· ρD
i,j(k) (2.88)

In addition to that, the attractiveness rates in the upstream and downstream
cells respectively are:

AU
i,j, j̄(k) = µ · max

0,
PU

i,j, j̄(k) · ρU
i,j(k)− ρU

i, j̄(k)

PU
i,j, j̄(k) · ρU

i,j(k) + ρU
i, j̄(k)

 (2.89)

AD
i,j, j̄(k) = µD · max

{
0,

PD
i,j, j̄(k) · ρD

i,j(k)− ρD
i, j̄(k)

PD
i,j, j̄(k) · ρD

i,j(k) + ρD
i, j̄(k)

}
(2.90)

The presence of the cluster decreases the density in front of it and increases
the density behind it. This will cause lane changing behavior of the HVs into
the cluster’s lane in the downstream cell and out of the cluster’s lane in the
upstream cell of cell i. This is shown in the attractiveness rates written before
where they are positive in the direction from the high density parts of the
lanes into the lower density parts and zero in the other directions. Human
drivers may choose to trust the CAVs and not move into its lane in the down-
stream part of the cell, and to model this we can consider an aggressiveness
rate for downstream cells lower than the normal rate, shown as µD in Equa-
tion 2.90. To model the perfect blocking of the cluster to the traffic flow, the
absence of direct interaction between CAVs and HVs is represented as:

Φc,Long
i (k) = 0, (2.91)
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Φc,Lat
i (k) = 0, (2.92)

Sc,Long
i (k) = 0, (2.93)

and
Sc,Lat

i (k) = 0, (2.94)

meaning that the cluster does not receive nor send vehicles longitudinally or
laterally in adjacent cells, as it only moves as a whole. The longitudinal de-
mand Dc,Long

i (k), computed respectively as follows, is defined only to assess
whether the cluster can be hosted in subsequent cells:

Dc,Long
i (k) = ṽc(k) · ρc. (2.95)

On the other hand, the lateral demand Dc,Lat
i (k) is used only in the case where

the cluster is ordered to perform a lane change and is calculated as the maxi-
mum lateral flow the cluster can make based on the number of CAVs forming
it:

Dc,Lat
i (k) =

Lc

T
ρc. (2.96)

When a lane change is requested, the cluster performs it only if there is space
macroscopically in the cell ’M’ in the target lane, i.e. its lateral demand is
smaller than the supply of cell ’M’ of the target lane:

Dc,Lat
i (k) ≤ SM,Lat

i,j (k), (2.97)

with the mentioned supply being calculated as:

SM,Lat
i,j (k) = [ρM,max

i,j (k)− ρM
i,j (k)] ·

∆M
i (k)
T

, (2.98)

where

ρM,max
i,j (k) =

∆M
i (k)
∆i

· ρmax
i,j (2.99)

is the maximum density of the middle part of lane j adjacent to jc of cell i.
The lateral demands of the HVs in the upstream and downstream cells are
calculated respectively as:

DU,Lat
i,j, j̄ (k) = AU

i,j, j̄(k) · FU
i,j(k) (2.100)

DD,Lat
i,j, j̄ (k) = AD

i,j, j̄(k) · FD
i,j (k). (2.101)
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and the lateral supplies in the upstream and downstream cells are respec-
tively determined as follows:

SU,Lat
i,j (k) = [ρU,max

i,j (k)− ρU
i,j(k)] ·

∆U
i (k)
T

(2.102)

SD,Lat
i,j (k) = [ρD,max

i,j (k)− ρD
i,j(k)] ·

∆D
i (k)
T

, (2.103)

where:

ρU,max
i,j (k) =

∆U
i (k)
∆i

· ρmax
i,j (2.104)

and

ρD,max
i,j (k) =

∆D
i (k)
∆i

· ρmax
i,j (2.105)

are the maximum densities of the upstream and downstream respectively of
segment (i, j). Now it is possible to calculate the lateral flows in the upstream
and downstream cells respectively in both directions:

f U
i,j−1,j(k) = min

1,
SU,Lat

i,j (k)

DU,Lat
i,j+1,j(k) + DU,Lat

i,j−1,j(k)

 · DU,Lat
i,j−1,j(k)

(2.106)

f U
i,j+1,j(k) = min

1,
SU,Lat

i,j (k)

DU,Lat
i,j+1,j(k) + DU,Lat

i,j−1,j(k)

 .DU,Lat
i,j+1,j(k)

(2.107)

f D
i,j−1,j(k) = min

1,
SD,Lat

i,j (k)

DD,Lat
i,j+1,j(k) + DD,Lat

i,j−1,j(k)

 · DD,Lat
i,j−1,j(k)

(2.108)
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f D
i,j+1,j(k) = min

1,
SD,Lat

i,j (k)

DD,Lat
i,j+1,j(k) + DD,Lat

i,j−1,j(k)

 .DD,Lat
i,j+1,j(k).

(2.109)
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FIGURE 2.15: Macroscopic flow variables in a cell fully contain-
ing a cluster

The lateral flows between two lanes that do not contain a cluster, even if
one of them is adjacent to a lane that contains one, are calculated based on
the equations describing the dynamics of the cells without a cluster. That
being said, the two lanes in question are treated as full lanes not divided into
upstream, middle and downstream parts.

In order to determine the longitudinal flows, we need to differentiate be-
tween the lane of the cluster and the other lanes because traffic is blocked
from moving forward behind the cluster only in the lane where it is present:

• the longitudinal demands in the upstream and downstream cells in the
lanes of the cluster j = jc are respectively:

DU,Long
i,jc (k) = 0, (2.110)
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DD,Long
i,jc (k) = min{vf

i · ρD
i,jc(k), qmax

i,jc ,
∆D

i
T

· ρi,j(k)

+ f D
i,jc−1,jc(k) + f D

i,jc+1,jc(k)− f D
i,jc,jc+1(k)− f D

i,jc,jc−1(k)}; (2.111)

• the longitudinal demands in the upstream, middle and downstream
cells of the other lanes j ̸= jc are respectively:

DU,Long
i,j (k) = min{vf

i · ρU
i,j(k), qmax

i,j ,
∆U

i
T

· ρi,j(k)

+ f U
i,j−1,j(k) + f U

i,j+1,j(k)− f U
i,j,j+1(k)− f U

i,j,j−1(k)}, (2.112)

DM,Long
i,j (k) = min

{
vf

i · ρM
i,j (k), qmax

i,j

}
, (2.113)

DD,Long
i,j (k) = min{vf

i · ρD
i,j(k), qmax

i,j ,
∆D

i
T

· ρi,j(k)

+ f D
i,j−1,j(k) + f D

i,j+1,j(k)− f D
i,j,j+1(k)− f D

i,j,j−1(k)}; (2.114)

• the longitudinal supplies in the upstream and downstream cells for all
lanes j are respectively:

SU,Long
i,j (k) = min

{
wi,j ·

(
∆U

i (k)
Li

· ρmax
i,j − ρU

i,jc(k)

)
, qmax

i,j

}
− f U

i,j−1,j(k)− f U
i,j+1,j(k) + f U

i,j,j+1(k) + f U
i,j,j−1(k), (2.115)

SD,Long
i,j (k) = min

{
wi,j ·

(
∆D

i (k)
Li

· ρmax
i,j − ρD

i,j(k)

)
, qmax

i,j

}
− f D

i,j−1,j(k)− f D
i,j+1,j(k) + f D

i,j,j+1(k) + f D
i,j,j−1(k); (2.116)
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• the longitudinal supply in the middle parts of the adjacent lanes with-
out a cluster:

SM,Long
i,j (k) = min

{
wi,j ·

(
∆M

i
Li

· ρmax
i,j − ρM

i,j (k)

)
, qmax

i,j

}
; (2.117)

• the longitudinal flows in the lanes with a cluster j = jc:

Φi,jc(k) = ΦU
i,jc(k) = min

{
DLong

i−1,jc(k), SU,Long
i,jc (k)

}
, (2.118)

ΦD
i,jc(k) = 0, (2.119)

Φi+1,jc(k) = min
{

DD,Long
i,jc (k), SLong

i+1,jc(k)
}

; (2.120)

• the longitudinal flows in the lanes without a cluster j ̸= jc:

Φc
i,j(k) = min

{
DU,Long

i,j (k), SM,Long
i,j (k)

}
, (2.121)

Φi,j(k) = ΦU
i,j(k) = min

{
DLong

i−1,j(k), SU,Long
i,j (k)

}
, (2.122)

ΦD
i,j(k) = min

{
DM,Long

i,j (k), SD,Long
i,j (k)

}
, (2.123)

Φi+1,j(k) = min
{

DD,Long
i,j (k), SLong

i+1,j(k)
}

. (2.124)

Flow dynamics in shoulder lanes leading to an off-ramp in cells with the presence of
a cluster of CAVs

Similarly to cells with off-ramp and no clusters, the off-ramp flow should
be satisfied. This calls for the lateral flows f D,o f f

î, ĵ−1, ĵ
(k) and f U,o f f

î, ĵ−1, ĵ
(k) towards

the shoulder lane ĵ in the downstream and upstream cells respectively of
cell î to be calculated. As equation (4) shows, the flow exiting the off-ramp
is determined based on a percentage of the flows passing through all the
lanes of the cell, so the minimum lateral flow towards the shoulder lane ĵ



60 Chapter 2. Traffic modeling

that satisfies the off-ramp flow should take into consideration the sum of the
lateral flows in the downstream and upstream cells, mentioned previously:

f D,o f f
î, ĵ−1, ĵ

(k) + f U,o f f
î, ĵ−1, ĵ

(k) = γî, ĵ(k)
J

∑
j=1

Φî+1,j(k)− Φî, ĵ(k). (2.125)

In this case we have f U
î, ĵ, ĵ−1

(k) = f D
ˆ̂i, ĵ, ĵ−1

(k) = 0 and we can calculate the

lateral demand and supply that will determine the lateral flow towards the
shoulder lane ĵ:

DLat
î, ĵ−1, ĵ(k) = max{AD

î, ĵ−1, ĵ(k) · FD
î, ĵ−1(k) + AU

î, ĵ−1, ĵ(k) · FU
î, ĵ−1(k),

f D,o f f
î, ĵ−1, ĵ

(k) + f U,o f f
î, ĵ−1, ĵ

(k)},

(2.126)

SLat
î, ĵ (k) = [ρmax

î, ĵ (k)− ρî, ĵ(k)] ·
∆î
T

, (2.127)

f î, ĵ−1, ĵ(k) = min
{

DLat
î, ĵ−1, ĵ(k), SLat

î, ĵ (k)
}

. (2.128)

Density dynamics of cells with the presence of a cluster of CAVs

For each part of the segment (i, j), the density is calculated based on the
lateral and longitudinal flows entering and exiting. For the lane of the cluster
j = jc, the densities of the upstream part, the downstream part and the whole
lane are calculated respectively as follows:

ρU
i,jc(k + 1) = ρU

i,jc(k) +
T

∆U
i (k)

·
[

ΦU
i,jc(k) + f U

i,jc−1,jc(k)

+ f U
i,jc+1,jc(k)− f U

i,jc,jc+1(k)− f U
i,jc,jc−1(k)

]
(2.129)

ρD
i,jc(k + 1) = ρD

i,jc(k) +
T

∆D
i (k)

·
[
− Φi+1,jc(k) + f D

i,jc−1,j(k)

+ f D
i,jc+1,jc(k)− f D

i,jc,jc+1(k)− f D
i,jc,jc−1(k)

]
(2.130)
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ρi,jc(k + 1) = ρD
i,jc(k + 1) + ρU

i,jc(k + 1); (2.131)

For a lane without cluster j ̸= jc, the densities of the upstream, middle and
downstream parts and the whole lane are calculated respectively as follows:

ρU
i,j(k + 1) = ρU

i,j(k) +
T

∆U
i (k)

·
[

ΦU
i,j(k)− ΦM

i,j (k) + Φon
i,j (k) + f U

i,j−1,j(k)

+ f U
i,j+1,j(k)− f U

i,j,j+1(k)− f U
i,j,j−1(k)

]
(2.132)

ρM
i,j (k + 1) = ρM

i,j (k) +
T

∆M
i (k)

·
[

ΦM
i,j (k)− ΦD

i,j(k)
]

(2.133)

ρD
i,j(k + 1) = ρD

i,j(k) +
T

∆D
i (k)

·
[

ΦD
i,j(k)− Φi+1,j(k)− Φo f f

i,j (k) + f D
i,j−1,j(k)

+ f D
i,j+1,j(k)− f D

i,j,j+1(k)− f D
i,j,j−1(k)

]
(2.134)

ρi,j(k + 1) = ρD
i,j(k + 1) + ρM

i,j (k + 1) + ρU
i,j(k + 1); (2.135)

Speed dynamics of the clusters

In case of no control scheme, the cluster is bounded to the minimum between
a maximum designated speed and the speed of traffic in the segment it is in.
Its predicted position is calculated like in Equation 2.63 and then its speed is
decided based on several traffic conditions in front of it, like for the single-
lane model in Section 2.6.1.

2.7 Case studies and results

2.7.1 For the single-lane model

The model proposed in the Section 2.6.1 is tested using a stretch of the A20
highway in the Netherlands, which is located in the Dutch province of South
Holland and connects the N213 road from the Westland municipality with
the cities of Rotterdam and Gouda. The stretch has two lanes and a length of
2.1 km with no on-ramps or off-ramps, shown with a red line in Figure 2.16.
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FIGURE 2.16: The highway considered and the stretch (in red)
used in the simulation

Considering a cell length of ∆i=0.3 km ∀i, the stretch is divided into N=7
cells. The free-flow speed of traffic in the network is vf

i=100 km/h, the sample
time used in this case study is assumed to be T=10 seconds and the total time
of the simulation is equal to 2 hours and 20 minutes, which sets the total
number of time steps to K=840 time steps. Other parameters concerning the
network are: the maximum flow qmax

i equals to 2200 veh/h/lane and the
maximum density ρmax

i equals to 150 veh/km/lane. As the model considers
the stretch as having only one lane, the maximum speed and density are
multiplied by the number of lanes, which is equal to 2 in this case.

Regarding the clusters, the maximum speed a cluster can take is limited in
this study to be Vc=60 km/h and 4 CAVs are considered to form each cluster,
with 5 meters as the average length of a CAV and a time headway between
the CAVs of 1 second, which sets the length of the cluster to 70 meters on
a speed of 60 km/h. The data used to model the demand of HVs are taken
from real detectors on the highway on February 1st of the year 2023 from
15:20 till 17:40, and is shown in Figure 2.17.
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FIGURE 2.17: The real demand at the entrance of the considered
stretch of the highway

For the sake of testing the new model and the effect of the clusters on traffic
and congestion, we created a virtual bottleneck in the last section between
time steps k=100 and k=450 by reducing the capacity of the road, as shown
in Figure 2.18a and Figure 2.18b, representing respectively the densities and
average traffic speeds in the network.
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FIGURE 2.18: The density (2.18a) and speed (2.18b) in the net-
work with a congestion created in the last cell, in the case with-

out clusters

Then the clusters are introduced at different time steps from the beginning of
the first cell of the stretch where the first and last clusters enter respectively
around the beginning and the end of the congestion. Different entering time
steps are chosen for all the clusters in order to evaluate their effect on the
congestion, and the results are shown in Figure 2.19 to Figure 2.25. All the
scenarios include 8 clusters except for the one shown in Figure 2.25 where 9
clusters enter the network.
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FIGURE 2.19: The density in the network with clusters entering
at time steps 150, 202, 254, 276, 320, 352, 404 and 456
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FIGURE 2.20: The density in the network with clusters entering
at time steps 150, 182, 254, 276, 320, 352, 404 and 456

The moving bottlenecks are behaving as expected, where they slow down
the HVs behind them, creating an increase in density which is obvious in the
density plots. Doing so, they create a void in front of them, shown by the
drop in the density upstream. Depending on the times of the entrance of the
clusters into the network, their effect on the congestion varies because it also
depends on the mainstream demand, as it is not constant. Some examples
show that inserting more clusters during a fixed period of time improves the
congestion, but obviously it is not realistic anymore and the penetration rate
of CAVs in traffic must be very high.
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FIGURE 2.21: The density in the network with clusters entering
at time steps 150, 182, 240, 276, 320, 352, 404 and 456
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FIGURE 2.22: The density in the network with clusters entering
at time steps 150, 182, 240, 276, 320, 352, 364 and 376

The results show that the clusters are able to greatly reduce congestion: in
the case reported in Figure 2.21, the total time spent (TTS) of the vehicles
in the network is reduced to 132 [veh.h] from 177 [veh.h] for the congested
case (Figure 2.18a) and the time steps when cells were congested are reduced
to 40 time steps from 300 time steps for the congested case. They are quite
promising and better performance is expected when the clusters are actually
controlled, especially in real time.
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FIGURE 2.23: The density in the network with clusters entering
at time steps 150, 182, 240, 276, 340, 352, 364 and 376
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FIGURE 2.24: The density in the network with clusters entering
at time steps 150, 182, 240, 267, 340, 350, 360 and 370
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FIGURE 2.25: The density in the network with clusters entering
at time steps 150, 182, 240, 267, 323, 340, 350, 360 and 370 (one

more cluster, total of 9 clusters)
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2.7.2 For the multi-lane model

The same A20 highway is used to test the proposed multi-lane model, but
this time a longer stretch is used; it has a length of 5.2 [km] with two on-
ramps and two off-ramps, shown with a red line in Figure 2.26. The number
of lanes varies between 2 and 5 from one section of the stretch to another,
depending on the position of the off-ramps and on-ramps; the stretch starts
with 4 lanes and ends with 3 lanes and there are two lanes that remain from
the beginning of the stretch until its end.

FIGURE 2.26: The highway considered and the stretch (in red)
used in the simulation for the multi-lane model

Considering a cell length of ∆i=0.4 [km] ∀i, the stretch is divided into N=13
cells. The free-flow speed of traffic in the network is vf

i=144 [km/h], the sam-
ple time used in this case study is assumed to be T=10 seconds and the total
time of the simulation is equal to 10 hours and 19 minutes, which sets the to-
tal number of time steps to K=3714 time steps. Other parameters concerning
the network are: the maximum flow qmax

i,j equals to 2400 [veh/h/lane] and
the maximum density ρmax

i,j equals to 150 [veh/km/lane].

Regarding the clusters, the maximum speed a cluster can take is limited in
this study to be Vc=80 [km/h] and 4 CAVs are considered to form each clus-
ter, with 5 meters as the average length of a CAV and a time headway be-
tween the CAVs of 1 second, which sets the length of the cluster to about 87
meters on a speed of 80 [km/h]. The data used to model the demand of HVs
are taken from real detectors on the highway on February 1st of the year 2023
starting from 15:20, and is shown in Figure 2.27.

For the sake of testing the new model and the effect of the clusters on traffic
and congestion, we created a virtual bottleneck in the last section between
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FIGURE 2.27: The real demand at the entrance of the considered
stretch of the highway, for all four lanes

time steps k=100 and k=600 by reducing the capacity of the road, as shown in
Figure 2.28, representing the total density in a cell, not per lane.

FIGURE 2.28: The density in the network with a congestion cre-
ated in the last cell, in the case without clusters

Then the clusters are introduced at different time steps from the beginning of
the first cell of the stretch where the first and last clusters enter respectively
around the beginning and the end of the congestion. In order for the clusters
to travel all the stretch without changing lanes, they are inserted in the first
two lanes that remain from the beginning of the stretch until its end. Twenty
clusters are introduced in total, alternated between the two lanes. The results
are shown in Figure 2.29.
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Like in the single-lane model, the moving bottlenecks are behaving as ex-
pected, where they slow down the HVs behind them, creating an increase in
density which is obvious in the density plot when a certain cluster progresses
forward in the network. While creating a void in front of them, they limit the
effect of the capacity drop as now less cars are entering the congested area
per time step. The results prove that, shown by less congestion compared to
the no-cluster case: the TTS of the vehicles in the network was reduced from
1994 [veh.h] for the congested case (Figure 2.28) to 1642 [veh.h] (Figure 2.29)
and the time steps when cells were congested were reduced from 5844 time
steps for the congested case to 2975 time steps.

FIGURE 2.29: The density in the network with a congestion cre-
ated in the last cell, with clusters entering the highway

This model opens the door for control strategies to be implemented, allowing
to find the best control inputs to the system, either variables as the speed and
the lane of a cluster or parameters as the number of clusters, the length of a
cluster, and the schedule of entrance in the network.

2.8 Conclusions

In this chapter a review of the literature present on existing traffic flow mod-
els has been treated. In particular the best-known traffic models have been
distinguished for level of detail, namely in: microscopic, mesoscopic and
macroscopic models. Moreover, the state of the art concerning models of
mixed traffic (HVs and CAVs) have been investigated.
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In accordance with the objectives of this thesis, the METANET model has
been introduced and deeply discussed, as it will be used in the work of Chap-
ter 3.

Then, the CTM was presented in details as it is the basis to the work pre-
sented in this chapter, which is a control-oriented version of the CTM for
mixed traffic. This model represents CAVs in traffic as groups, or clusters,
and opens the way for vehicle-based control approaches, allowing the con-
trol of these clusters to improve the traffic flow and reduce congestion. The
highway is divided to cells, thanks to the characteristics of the CTM; know-
ing the positions of the back and front of the clusters, these cells are divided
into two categories: cells with and without CAVs. The flow and density dy-
namics are the modeled in a cell, depending on which category it falls into; if
it is a cell without CAVs, it is modeled based on the equations of the original
CTM. On the other hand, if it contains CAVs, it is divided into three parts:
the cluster and two parts downstream and upstream the cluster. The whole
idea of the cluster is to reduce the traffic speed behind it, so to block the flow;
this allows reducing the congestion ahead or even preventing it from ever
happening. Then, in this work, based on the demand of the cluster and the
supplies of the downstream cell and the next cell, the speed of the cluster
is simply decided based on the minimum between a fixed maximum speed
(lower than the free flow speed) and the speed of traffic, but it can be the con-
trol variable in complex control schemes. A multi-lane version of this model
is also presented in details, representing the lateral flows of HVs traffic. This
allows the clusters to block one or more lanes instead of all of them, forcing a
lane change upon traffic in addition to speed reduction. Finally, a case study
for each version of the model was presented, and the results show their effec-
tiveness in modeling mixed traffic and reducing congestion, even in the case
of no control.
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Chapter 3

Truck platooning

3.1 Introduction

Today’s world is shaped by the technological advancements we reached since
the dawn of time. Moreover, the lifestyle and the way of life of humans are
maintained by the possibility of transporting people and goods all around
the world, in a relatively short time like mentioned in previous chapters.

Unfortunately, also mentioned previously, the economic growth over the last
decades had a toll on the environment and the natural resources of our planet.
Terms like “efficiency” and “sustainability” started to appear more frequently
in research and agenda for the future, as the global transportation demand
is expected to keep increasing, drastically. One popular mode is the road
freight transportation thanks to the flexibility and agility in scheduling, max-
imum traceability, and door to door services. At the same time, road haulage
has several drawbacks that can be summarized into pollution (air pollution
in particular), traffic congestion and road safety issues.

A possible way to mitigate the negative effects of road freight transport is to
incentivize cooperation among haulers that may take place in several ways.
A possible form of cooperation among carriers is known as horizontal coop-
eration [106] where a coalition is formed among carriers who are willing to
share their transportation demand or a portion of it. In this form of coopera-
tion, monetary compensation policies are defined for carriers who give up a
trip in favor of a coalition partner. Hence, the final goal is to optimally plan
the trips of the carriers so that unprofitable trips are minimized, and mon-
etary profits are maximized so that all carriers benefit from the cooperation
[26].
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Another effective way to implement cooperation among carriers is the forma-
tion of truck platoons [6] which is an emerging technology in the transporta-
tion industry that involves a group of trucks traveling closely together in a
convoy, usually with the assistance of advanced driver assistance systems
(ADAS) and V2V communication. This technology offers potential benefits,
including improved fuel efficiency, reduced traffic congestion, and enhanced
road safety [129]. Several studies showed these benefits, for example [92]
explores the penetration of truck platooning into the road transport in Italy,
compares it to other freight transport modes cost wise and concludes that
it has a very good potential in competing in the transport market. Another
study is the report by the American Transportation Research Institute (ATRI)
[9] that delves into the feasibility and implications of truck platooning in the
U.S. and presents the challenges, impacts and benefits, including the signif-
icant potential savings in fuel costs and increasing in operational efficiency.
Cooperation among carriers requires haulers to share a part of their route to
form a convoy of trucks with the main objective of minimizing fuel consump-
tion by taking advantage of the lower aerodynamic drag of trucks traveling
within the platoon [81, 7].

This chapter discusses some aspects of platoon formation, like strategies,
challenges, scheduling and control. Truck platooning specifically continues
to garner attention nowadays as it is a highly relevant and active research
area because it aligns with connected autonomous driving, sustainable logis-
tics and smart transportation, in addition to having economic significance.
Governments and organizations, especially in Europe and the US, are in-
vesting in pilot programs and standardizing platoon operations like for ex-
ample the European Truck Platooning Challenge (ETPC) [44] which demon-
strated large-scale viability, connecting countries like the Netherlands, Ger-
many, and Sweden. Although the traffic conditions actually encountered
during the route strongly influence the possibilities of effectively implement-
ing platooning plans, only a few works in the literature include traffic pre-
dictions in defining the planning and control schemes for truck platoons. For
this reason, the work presented in this chapter fits into this line of research
by proposing a centralized control scheme executed off-board in which the
optimal speeds of platoons, that might share a portion of the trip, are defined
online based on the expected traffic conditions along their route. Section 3.2
gives an overview of truck platoon management, from scheduling to control
and Section 3.3 presents the challenges facing platooning as well as solutions
and policies to address them. Section 3.4 is based on the work published
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in the 2024 European Control Conference (ECC), held in Stockholm, Swe-
den [32]. It presents a centralized control scheme for real-time re-planning
of platoons plans defined at a strategic level, based on traffic conditions en-
countered along their route predicted by the METANET model that was ex-
plained in Section 2.3. This work deals with the optimal speed control of pla-
toons traveling in freeways and, in particular, addresses the merging phase
of two platoons for which it has been decided, at the strategic level, that they
will meet at a specific hub located on the shared part of their routes. The
two platoons have different priorities. The former has higher priority and
must reach its final destination within a predefined time window, while the
latter has more flexibility. The proposed control scheme has a centralized na-
ture and is applied periodically by the platoons coordinator which receives
in real time the state of the platoons and the traffic measurements on the net-
work, based on which a traffic prediction is made. Considering the predicted
traffic state, the coordinator applies an optimal control algorithm in order to
decide if the merging is convenient or not and to compute the optimal speed
profiles of the two platoons before the merging, during the shared journey
and after the diverging phase. The proposed control scheme is tested on a
case study of a freeway network in two cases, respectively in a case in which
the merging of the platoons is considered convenient and one in which it is
not.

3.2 The complete cycle of a platoon

3.2.1 Platoon formation and management on the low level

The first idea that needs to be explained about truck platooning is actually
how a platoon is formed and managed and the technology that made it pos-
sible. This is considered under the tactical and operational levels of platoon-
ing [73] and it is the process of grouping trucks into clusters that can travel
together under coordinated control to achieve operational benefits like en-
ergy efficiency, reduced travel time and enhanced safety, along with benefits
for the traffic in the network like increased road capacity. The formation is
handled by the vehicles themselves and once the platoon is formed, its oper-
ation must be managed to maintain safety, efficiency and robustness against
disturbances using a low-level decentralized/distributed control. At first, a
V2V communication is established between the trucks for real-time coordina-
tion of speed, acceleration and braking commands, using DSRC (Dedicated
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Short-Range Communications), 5G, or C-V2X (Cellular V2X) [105] . Another
variable needed to be controlled is the spacing between the trucks or the
inter-vehicle distance in other terms. This one needs to be optimized to bal-
ance safety and aerodynamic benefits otherwise the usefulness of forming
a platoon is lost. All this is possible thanks to onboard sensors that enable
the trucks to perceive their surroundings and ensure safety during dynamic
maneuvers:

• Lidar and Radar: detect distances to nearby vehicles and obstacles;

• Cameras: identify lane markings, road signs and surrounding traffic;

• GPS and IMU: provide precise location and orientation for accurate po-
sitioning.

The control systems that use all these data to provide optimal solutions are
algorithms that maintain stability, safety and performance within a platoon,
like the ACC that adjusts the speed based on the distance to the vehicle
ahead, and the CACC that extends ACC by leveraging V2V communica-
tion (sharing acceleration and braking data for example) to achieve lower
inter-vehicle distance and better response to disturbances. Others, like Lin-
ear Quadratic Regulation (LQR) and Model Predictive Control (MPC) are
often used to provide string stability and ensure that disturbances (sudden
breaking for example) do not amplify as they propagate through the pla-
toon. In addition to that, V2I provides the trucks with data like traffic signals,
road conditions and weather updates that help them optimize their routing,
speed, acceleration/deceleration and inter-vehicular distance. Some studies
explore adaptive control approaches, like in [162], where the authors propose
an event-triggered control algorithm and even include dynamic scheduling
to improve communication efficiency and system reliability during platoon
formation and maintenance. Other works in the literature deal with the def-
inition of path planning of vehicles traveling within a truck convoy. These
studies involve the development of automatic control strategies to actuate
longitudinal and lateral control of vehicles [49, 15] and to follow the trajec-
tory defined by the leader truck and maintain a predetermined intra-vehicle
space [17]. Moreover, AI was recently added to the list helping vehicles take
some decisions and reconfigure the platoon based on real-time conditions
[159]. It also can detect issues like sensor failures, communication disrup-
tions or erratic driver behavior. All these technologies also allow trucks or
smaller platoons to join and form a bigger one, or split, dynamically on the
road without stopping, which is useful when trucks have different origins
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and/or destinations, but this decided by a higher level of control and coordi-
nation. The study in [41] investigates efficient platoon formation at unsignal-
ized intersections, leveraging advanced coordination protocols to reduce de-
lays and improve traffic flow. Key technologies include V2V and V2I commu-
nication. [41] also emphasizes the importance of predictive merging strate-
gies for dynamic environments.

3.2.2 Platoon formation and scheduling on the high level

The ultimate goal of transportation companies is to deliver the merchandise
from an origin to a destination before a deadline. Scheduling ensures that this
goal is achieved and delays are minimized by planning the right departure
times of the trucks/platoons and the places where they can meet to form a
bigger platoon, or split. Schedules can be pre-planned, based on historical
data and traffic patterns, or they can be dynamic and get adjusted in real-
time based on live traffic data, weather conditions, vehicle delays, etc.

FIGURE 3.1: The different levels of the platooning system.
Source: A. Johansson et al. 2022 [73]
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The levels of platooning here are higher than those of the previous sections
and are called the service and strategic levels [73], where high-level deci-
sions are made that are executed off-board to define the platoon plans and
in particular to coordinate trucks that have compatible schedules and mis-
sions, defining times, rendezvous points, and speed profiles required to join
a platoon. On these levels, the cooperation among carriers is studied as well.
The definition of planning and control schemes for truck platooning has been
extensively studied in the scientific literature and put into practice through
various research projects (see for instance [25, 51, 120]). In particular, the
most recent projects on this topic, Sweden4Platooning [12] and ENSEMBLE
[116], have addressed multi-brand platooning by also considering competing
carriers. As part of the latter projects, a scheme of the hierarchical decision-
making structure for the formation and control of platoons has been devel-
oped. Many research works are devoted to the optimal definition of platoon
plans, i.e. the definition of compatible truck trips, platoon routing, platoon
formation and management, meeting points, and so on (see for instance the
works in [73, 1, 64, 45]). In fact, coming from different origins, trucks can
join together to form a platoon in several ways: during the route [63, 86] or
at a certain point in the network (a parking area, gas station, etc.) where one
truck, or platoon, can wait for other trucks to join it [74, 82]. The more pla-
toons are formed in a day, where trucks join each other on the common part
of their trip, the more the rewards and profits are higher [83]. The idea is to
maximize the profit from platooning (fuel savings, cost reduction, less con-
gestion, etc.) while respecting the schedule of the deliveries and not increas-
ing the overtime payments of the drivers (see [18] for a complete overview
of truck platooning planning).

3.3 Key difficulties and challenges

Truck platooning from beginning to end is not an easy task. Like discussed
before, it is a complex problem that presents several challenges arising in the
domains of scheduling, control, communication, formation, and overall op-
erational efficiency. Trucks can originate from different locations and/or car-
riers and this complicates forming and maintaining the efficiency of platoons.
The coordinator has to synchronize the whole operation with the complica-
tions of variable times, routes, and destinations and ensure that no significant
or even minor delays occur. Possible solutions could be platoon formation in
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hubs, like studied in [74, 82] and predictive scheduling to dynamically coor-
dinate platoons like in [65].

In addition to the complexity of managing thousands of trucks in urban and
interurban scenarios, fuel efficiency has to be balanced with operational costs
and delivery time constraints, otherwise platooning has no direct benefit to
the carriers. Some studies focus on this challenge, like the one in [17] where
the authors propose a delay-based spacing policies to optimize fuel efficiency.
The goal is to address environmental regulations and carbon footprint goals
while ensuring that fuel savings outweigh the costs as the economic viability
of truck platooning depends on effective coordination among stakeholders.
It is worth noting that fuel consumption is strongly correlated with traffic
conditions encountered during the route. Despite that, only a few works in
the literature include traffic prediction in defining the planning or control
scheme of platoons (see, for example, the works in [87, 112, 124, 23]). The
thesis work described in this chapter falls in this line of work, considering
that traffic accidents or unexpected congestion can disrupt schedules, leading
to delays or missed opportunities for platooning.

Another high level challenge is the multi-carrier cooperation and achieving it
can be faced with competitive interest and lack of trust among carriers, espe-
cially when it comes to sharing operational data and resources. Data privacy
is crucial and the collection and sharing of data among platooning trucks and
infrastructure elements must comply with data privacy regulations. Protect-
ing sensitive information, such as vehicle locations and operational data is
very important for fleet owners to have trust in forming platoons with others
[47]. Truck platooning relies heavily on interconnected systems and requires
constant communication between vehicles, that’s why ensuring the cyberse-
curity of these systems and the integrity and security of V2V communica-
tion channels is essential to prevent unauthorized access, data breaches, and
potential cyberattacks [138] [46] that could cause interference and tamper-
ing with communication or even leak sensitive data [56]. Various security
and policy considerations must be addressed for the successful implemen-
tation of multi-carrier cooperation, including establishing global standards
for V2V communication that ensures compatibility not only across manufac-
turers but also across regions especially for cross-border operations. Gov-
ernments should offer subsidies or tax breaks for fleets adopting platooning
technology along with dedicated infrastructure such as road lanes for pla-
toons, reducing conflicts with other traffic especially human driven vehicles.
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During the Dutch presidency of the EU, The Netherlands initiated the Eu-
ropean Truck Platooning Challenge (ETPC) [44] that explores the potential
of truck platooning in Europe and the steps required to integrate it into the
transportation system. The initiatives of this project aim to maximize the
environmental and economic benefits while addressing challenges related to
safety, liability, and technology adoption, and one of them is evaluating pla-
tooning performance on dedicated lanes to optimize traffic flow and improve
fuel efficiency.

3.4 Real-time planning of platoons coordination de-

cisions based on traffic prediction

Many projects implemented planning and control strategies for truck pla-
tooning (like Sweden4Platooning and ENSEMBLE, mentioned earlier) and
they consider a scheme of hierarchical decision-making structure for the for-
mation and control of platoons that has been developed. Like described in
Section 3.2, this scheme is given in [73] and consists of four levels: service,
strategic, tactical, and operational. The service and strategic levels are the
two decision-making levels that produce high-level decisions, which are ex-
ecuted off-board to define the platoon plans and in particular to coordinate
trucks that have compatible schedules and missions, defining times, ren-
dezvous points, and speed profiles required to join in a platoon. The tactical
and operational levels are performed on-board and consist of maintaining
vehicle cohesion within each platoon and safely executing the maneuvers of
trucks entering and exiting from the platoons (tactical level) and longitudi-
nal control of each vehicle so as to meet the acceleration and speed profiles
defined at the tactical level (operational level).

The work reported in this section was presented in the ECC 2024 [32] and
falls between the strategic and tactical levels by proposing a centralized con-
trol scheme executed off-board that aims to re-plan the coordination deci-
sions taken at the strategic level, considering the influence of traffic condi-
tions predicted in real time. This is a crucial aspect, since traffic conditions
can significantly influence the choices defined at a higher planning level,
making the decision to merge platoons no longer convenient or even not fea-
sible. Unlike existing studies in the literature, in this work the speed profiles
of the platoons are defined online by a platoons coordinator that, with a pre-
dictive control scheme, periodically makes a prediction of traffic conditions
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on the routes in which the platoons are traveling and determines whether it
is convenient or not to meet and the optimal speed they should maintain to
respect their schedule. In more detail, this preliminary work focuses on the
coordination of two platoons for which it has been decided, at the strategic
level, that they will meet at a specific hub (rendezvous point) located on the
shared part of their routes. It is worth noting that considering the influence
of traffic conditions in the coordination of platoons is even more important
if the platoons that have to meet have different time requirements; thus, we
consider the case in which one of the two platoons is constrained to arrive
at its final destination within a predefined time window (e.g., the case of a
platoon that needs to reach in time a seaport gate equipped with truck ap-
pointment systems), while the second platoon has more flexibility in reaching
its final destination. Therefore, from now on we will call priority platoon the
platoon that has the main objective of reaching the final destination at a given
time, while we will call non-priority platoon the one that has more flexibility,
but for which the choice of merging depends on the time when the priority
platoon is expected to arrive at the rendezvous point.

3.4.1 The control scheme of the platoons coordinator

The proposed control scheme has a centralized nature since the online pla-
toons coordinator knows the schedules and missions of both platoons and
receives in real time the state of the platoons and the traffic measurements
on the network used to initialize the traffic prediction. Based on this infor-
mation, the coordinator solves some cascading problems. The first optimal
control problem solved by the coordinator determines the optimal speed that
allows the priority platoon to arrive at its final destination at the scheduled
time. Based on the solution of this optimization problem, the expected ar-
rival time of the priority platoon at the hub is determined and used to solve a
second optimal control problem. This second optimal control problem aims
to determine whether it is convenient to meet at the hub and, if so, to de-
fine the optimal speed the non-priority platoon must maintain to arrive at
the hub at the expected arrival time of the priority platoon. If, conversely,
the solution of this optimization problem shows that the meeting is not con-
venient or even impossible, the two platoons proceed disjointly. This means
that the platoons coordinator periodically solves, for both the platoons, two
optimization problems (as the one solved for the priority platoon) allowing
them to reach the final destination at the scheduled time, as shown in Fig. 3.2.
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Both optimization problems use the traffic speed along the routes of the pla-
toons calculated by the traffic prediction model METANET (Section 2.3) to
determine the speed profile that the platoons should follow.
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FIGURE 3.2: The proposed control scheme for determining the
convenience of the merging between platoons.

In case the meeting at the hub is convenient, the first optimal control problem
is solved periodically (with the goal of minimizing the delay of the priority
platoon) from the time in which the two platoons merge until when they
diverge to reach their respective final destinations. Then, starting from the
time in which the platoons diverge, the first optimal control problem is again
solved periodically but disjointly for the two platoons with the objective of
meeting their respective schedules.

In the following sections, the optimization problems and the control algo-
rithms solved by the online platoons coordinator are presented.

3.4.2 Traffic-based optimal control problems

This section introduces the optimal control problems solved in cascade by the
platoons coordinator to define the optimal speed profiles of the priority and
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non-priority platoons. In the following we will refer to the priority platoon
using the superscript P, to the non-priority platoon using the superscript N,
while we will use the superscript X to denote a generic platoon that can be
either a priority platoon or a non-priority platoon. Furthermore, we denote
with KX the set of k time steps composing the time horizon associated with
platoon X. The optimal control problems presented below are based on the
traffic prediction obtained by applying the METANET model described in
Section 2.3 on the portion of the network consisting of the set of freeway
links MX, the set of sections Im,X, the set of origin links OX, and the set of
nodes N X that belong to the route of platoon X.

Optimal control problem to reach the final destination

This optimal control problem allows to define the optimal speed of a platoon
that aims to reach the final destination of its journey while limiting delays
from its scheduled arrival time. Let us consider a generic platoon X whose
final destination has a distance ΠX from its initial position, expressed in [km],
and must be reached at time step Kfin,X. The optimal platoon speed is found
by considering the predicted traffic speed vm,i(k) for all i ∈ Im,X, m ∈ MX

and for all k ∈ KX and considering that the platoon X has a truck minimum
speed vmin,X, defined to comply with the traffic laws and for reasons of cost-
effectiveness of the trip (fuel consumption, driving hours, etc.). Moreover,
vmax,X denotes the maximum speed of the platoon.

For platoon X the state variable is the position pX(k), in [km], defined as the
distance from the initial position of the platoon, while the control variable is
the speed that is denoted with vX(k) in [km/h]. Some auxiliary variables are
needed in order to compute the position of the platoon in the network used
for the traffic prediction (see the traffic model described in Section 2.3) and
to have linear constraints. To this end we denote with pm,i the position in
[km] of the beginning of section i ∈ Im,X of link m ∈ MX, then the auxiliary
variables are defined as follows:

• yX
m,i(k) ∈ {0, 1} is equal to 1 if pX(k) ≥ pm,i, i.e. if platoon X is after the

beginning of section i of link m at time step k, 0 otherwise;

• wX
m,i(k) ∈ {0, 1} is equal to 1 if pX(k) ≤ pm,i+1, i.e. if platoon X is before

the beginning of section i + 1 of link m at time step k, 0 otherwise;

• λX
m,i(k) ∈ {0, 1} is introduced to represent the product yX

m,i(k) · wX
m,i(k),

therefore λX
m,i(k) is equal to 1 if platoon X is in section i of link m at time
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step k (i.e. if yX
m,i(k) = wX

m,i(k) = 1), 0 otherwise.

The optimal control problem to reach the final destination of a platoon X,
which can be a priority platoon, with X = P, or a non-priority platoon, with
X = N, can be stated with the following mixed-integer linear quadratic for-
mulation.

Problem 1

min α1

(
ΠX − pX(Kfin,X)

)2

+ α2 ∑
k∈KX

(
vX(k + 1)− vX(k)

)2 (3.1)

subject to:

pX(k + 1) = pX(k) + vX(k)T k ∈ KX (3.2)

pX(k)− pm,i + M
(
1 − yX

m,i(k)
)
≥ ϵ

i ∈ Im,X, m ∈ MX, k ∈ KX (3.3)

pm,i − pX(k) + MyX
m,i(k) ≥ 0

i ∈ Im,X, m ∈ MX, k ∈ KX (3.4)

pm,i+1 − pX(k) + M
(
1 − wX

m,i(k)
)
≥ 0

i ∈ Im,X, m ∈ MX, k ∈ KX (3.5)

pX(k)− pm,i+1 + MwX
m,i(k) ≥ ϵ

i ∈ Im,X, m ∈ MX, k ∈ KX (3.6)

λX
m,i(k) ≤ yX

m,i(k) i ∈ Im,X, m ∈ MX, k ∈ KX (3.7)

λX
m,i(k) ≤ wX

m,i(k) i ∈ Im,X, m ∈ MX, k ∈ KX (3.8)

λX
m,i(k) ≥ yX

m,i(k) + wX
m,i(k)− 1

i ∈ Im,X, m ∈ MX, k ∈ KX (3.9)
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vX(k) ≥ ∑
m∈MX

∑
i∈Im,X

λX
m,i(k)v

min,X
m,i (k) k ∈ KX (3.10)

vX(k) ≤ ∑
m∈MX

∑
i∈Im,X

λX
m,i(k)v

max,X
m,i (k) k ∈ KX (3.11)

where ϵ is a small quantity arbitrarily chosen and M is a large quantity arbitrarily
chosen.

In the objective function of Problem 1, the first term, weighted with α1, pe-
nalizes the quadratic difference between the actual position of the platoon
pX(Kfin,X) at the final time step and its expected final position ΠX. The sec-
ond cost term, weighted with α2, allows to limit the oscillations of the speed
between two consecutive time steps.

Constraints (3.2) are the state equations for the platoon and compute the cov-
ered distance on the basis of its speed. Constraints (3.3)-(3.9) are introduced
to correctly define the position of the platoon along the freeway network.
Specifically, according with the state variable pX(k), constraints (3.3)-(3.4) al-
low to define the binary variables yX

m,i(k), (3.5)-(3.6) allow to define the bi-
nary variables wX

m,i(k), while constraints (3.7)-(3.9) define λX
m,i(k) on the basis

of yX
m,i(k) and wX

m,i(k).

Constraints (3.10)-(3.11) impose lower and upper bounds for the speeds. More
in detail, (3.10) impose that the speed of the platoon has to be greater than
the speed vmin,X

m,i (k) defined as vmin,X
m,i (k) = min{vmin,X, vm,i(k)}. Constraints

(3.11) impose that the speed of the platoon cannot exceed vmax,X
m,i (k) defined

as vmax,X
m,i (k) = min{vmax,X, vm,i(k)}.

Optimal control problem to reach the hub

This optimal control problem allows to define the speed of a non-priority pla-
toon that wants to join the priority platoon in a predefined hub position πhub

at the time step k̃P defined by taking into account the position of the priority
platoon in the optimal solution of Problem 1. The hub position is defined
with respect to the original position of the non-priority platoon N and is ex-
pressed in [km]. The decision of the non-priority platoon to join or not the
priority platoon depends whether it can arrive at the meeting point on time
or not. In particular, the decision of not merging can occur under two circum-
stances: first, the non-priority platoon arrives too late (e.g., the non-priority
platoon finds congestion along its route); second, the non-priority platoon ar-
rives too early and the waiting time at the meeting point is not compensated
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by the benefit obtainable from platooning (e.g., the priority platoon finds con-
gestion on its route and the resulting expected arrival time at meeting point
is not convenient for the non-priority platoon).

Analogously to Problem 1, the state variable is represented by the position
of the non-priority platoon pN(k) and the control variable is the speed of
the platoon vN(k). In order to formalize the optimal control problem, an
auxiliary binary variable must be added expressing whether or not the non-
priority platoon joins the priority platoon:

• zN ∈ {0, 1} is equal to 1 if the merging occurs and equal to 0 if it does
not occur.

Furthermore, let us denote with B the profit [e] that the non-priority platoon
can obtain by joining the priority platoon, and with W the unit waiting cost
for the non-priority platoon if it arrives early at the meeting point [e/km].
Thus, the objective of this optimal control problem is to define the speed of
the non-priority platoon so as to maximize the profit achievable by traveling
with the priority platoon, taking into account the cost due to waiting at the
meeting point, i.e.

max BzN − W
(

pN(k̃P)− πhub
)
· zN (3.12)

The objective function (3.12) has a nonlinear form, then the auxiliary vari-
able ΓN is introduced in order to formulate a mixed-integer linear problem.
Specifically, this variable is included to express the product pN(k̃P) · zN and
is defined as follows

ΓN =

pN(k̃P) if zN = 1

0 if zN = 0
(3.13)

Hence, using the auxiliary variable ΓN, the optimal control problem can be
stated with the following mixed-integer linear formulation.

Problem 2

max BzN − W
(

ΓN − zNπhub
)

(3.14)

subject to constraints (3.2)-(3.11), with X = N, and to:
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pN(k̃P) − πhub + σ ≥ −Lmax + (Lmax + δ)zN (3.15)

−∆V ≤ vN(k + 1)− vN(k) ≤ ∆V k ∈ KN \ {KN − 1} (3.16)

ΓN ≤ LmaxzN (3.17)

ΓN ≥ 0 (3.18)

ΓN ≤ pN(k̃P) (3.19)

ΓN ≥ pN(k̃P)− Lmax(1 − zN) (3.20)

where σ and δ are small quantities.

The first term of the objective function of Problem 2 refers to the profit obtain-
able by traveling in platoon, while the second term determines the waiting
cost at the hub.

Constraints (3.15) allow the decision variable zN to be appropriately defined.
Specifically, the constraint is defined so that if pN(k̃P)− πhub ≥ 0 (the non-
priority platoon is early or on time), the decision variable zN can take ei-
ther value 0 or value 1 in accordance with the goal of maximizing (3.14). If
pN(k̃P)− πhub < 0 (the non-priority platoon is late), then the decision vari-
able can only be zN = 0. In (3.15) σ is a tolerance on position and is defined
such that σ > δ, while Lmax, in [km], is the maximum path length that the
non-priority platoon can travel.

Constraints (3.16) allow to avoid undesired fluctuations of speed imposing
that the speed variation between one time step and the next one cannot ex-
ceed ∆V [km/h]. Note that KN is fixed as KN = k̃P + ϖ, with ϖ being a given
tolerance.

Finally, constraints (3.17)-(3.20) are included to impose the relation defined
in (3.13).

3.4.3 The control algorithm of the platoons coordinator

As introduced above, the traffic prediction model reported in Section 2.3 and
the optimal control problems described in Section 3.4.2 are periodically run
by the platoons coordinator. In particular, let us assume that they are run at
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each time step k̄ = nS, where n = 0, 1, 2, . . . and S is an integer representing
the number of time steps between one run and the next one.

The considered time horizon for Problem 1 starts from the actual time k̄ and
goes until the expected arrival time at destination, which is in general differ-
ent for the two platoons since it depends on the time required to cover their
routes, and is given by Kfin,P and Kfin,N respectively. Let K = max{Kfin,P,
Kfin,N}. As for Problem 2, instead, the time horizon starts in k̄ and goes to
k̃P + ϖ.

In particular, three different control schemes are applied according to the de-
cision of merging or not. More precisely, Control Algorithm 1 is applied by
the platoons coordinator at a generic time step k̄ if the merging decision is
still valid and up to k̃P. If the merge is executed, i.e., zN = 1, the Control
Algorithm 2 is applied to find the optimal speed of the platoon created at
the hub, which for simplicity of notation is still called priority platoon, that
has the goal of reaching the final destination at Kfin,P. Control Algorithm 2 is
applied periodically until the platoons diverge to reach their respective final
destinations or until the end of the considered horizon if the two platoons
have the same destination. Control Algorithm 3 is instead applied period-
ically, until the end of the time horizon, after the platoons diverge or if, by
applying Control Algorithm 1, it results that the merging phase is not conve-
nient or impossible, i.e., zN = 0.
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Control Algorithm 1 Control algorithm applied by the platoons coordinator
before the platoon merging

1: Measure the traffic state ρm,i(k̄),vm,i(k̄) m = 1, . . . , M, i = 1, . . . , Nm, lo(k̄),
o = 1, . . . , O - Go to Step 2

2: Run the traffic prediction model with K = {k̄, . . . , K} - Go to Step 3
3: Measure the priority platoon state pP(k̄) - Go to Step 4
4: Solve Problem 1 with X = P and KP = {k̄, . . . , Kfin,P}, and compute k̃P -

Go to Step 5
5: Actuate the optimal speed profile of the priority platoon vP(k), k̄ ≤ k ≤

k̄ + S − 1 - Go to Step 6
6: Measure the non-priority platoon state pN(k̄) - Go to Step 7
7: Solve Problem 2 with X = N and KN = {k̄, . . . , k̃P + ϖ}, with k̃P obtained

in Step 4 - Go to Step 8
8: Check the value of zN. If zN = 1, go to Step 9, otherwise go to Step 10
9: Actuate the optimal speed profile of the non-priority platoon vN(k), k̄ ≤

k ≤ k̄ + S − 1
10: Communicate to the platoons the decision of not merging - Go to Step 11
11: Solve Problem 1 with X = N and KN = {k̄, . . . , Kfin,N} - Go to step 12
12: Actuate the optimal speed profile of the non-priority platoon vN(k), k̄ ≤

k ≤ k̄ + S − 1 - Go to step 13
13: Apply Control Algorithm 1 from now on

Control Algorithm 2 Control algorithm applied by the platoons coordinator
after the merging and until the platoons diverge

1: Measure the traffic state ρm,i(k̄),vm,i(k̄) m = 1, . . . , M, i = 1, . . . , Nm, lo(k̄),
o = 1, . . . , O - Go to Step 2

2: Run the traffic prediction model with K = {k̄, . . . , K} - Go to Step 3
3: Measure the priority platoon state pP(k̄) - Go to Step 4
4: Solve Problem 1 with X = P and KP = {k̄, . . . , Kfin,P} - Go to Step 5
5: Actuate the optimal speed profile of the priority platoon vP(k), k̄ ≤ k ≤

k̄ + S − 1

Control Algorithm 3 Control algorithm applied by the platoons coordinator
if the merging decision is not valid or after the platoons diverge

1: Measure the traffic state ρm,i(k̄),vm,i(k̄) m = 1, . . . , M, i = 1, . . . , Nm, lo(k̄),
o = 1, . . . , O - Go to Step 2

2: Run the traffic prediction model with K = {k̄, . . . , K} - Go to Step 3
3: Measure the priority platoon state pP(k̄) - Go to Step 4
4: Solve Problem 1 with X = P and KP = {k̄, . . . , Kfin,P} - Go to Step 5
5: Actuate the optimal speed profile of the priority platoon vP(k), k̄ ≤ k ≤

k̄ + S − 1 - Go to Step 6
6: Measure the non-priority platoon state pN(k̄) - Go to Step 7 Solve Prob-

lem 1 with X = N and KN = {k̄, . . . , Kfin,N} - Go to step 8
7: Actuate the optimal speed profile of the non-priority platoon vN(k), k̄ ≤

k ≤ k̄ + S − 1
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3.5 Case study and results

In order to test the proposed control scheme, two cases considering the pos-
sible pairing of two platoons have been taken into account. Specifically, we
have applied the control algorithms introduced in Section 3.4.3 to two cou-
ples of platoons traveling on a freeway network of ten links (m1 to m10), two
origin links (o1 and o2), five on-ramp links (o3 to o7), and in which the hub
where the meeting may occur is located at the beginning of the first section
of link m7, as shown in Fig. 3.3. In this case study we have assumed that the
sample time interval T is equal to 10 seconds, while the number of time steps
between two executions of the optimal control problems S has been set to 6,
implying a recalculation of the control actions every minute. Furthermore,
for each platoon, we have assumed that the maximum speed is vmax,X=75
km/h, while the minimum speed is vmin,X = 50 km/h.

m1

o2

o1 m2

o3 o4

m3

m4
m9

D

o5

m5

m6

m8m7

m10

o6

o7

Hub

FIGURE 3.3: The freeway network in which the platoons are
traveling.

Concerning the first pair of platoons, the priority platoon starts its journey
at k = 0 from link o1 and must arrive at destination D at Kfin,P = 95, pass-
ing through sections m1, m2, m3, m7 and m8. The total trajectory length of
the priority platoon to its destination is ΠP = 15.4 km, while the non-priority
platoon starts its journey again at k = 0, but entering from link o2 and pass-
ing through links m4, m5 and m6 to reach the hub located in link m7, which
makes the length of the path of the non-priority platoon to that point πhub

= 8.4 km. If the non-priority platoon does not join the priority platoon, it
continues its path alone, through links m7 and m8 after the meeting point, to
reach the destination D at Kfin,N = 100, which makes its route length ΠN = 14
km.

For this case, the platoons coordinator, based on the traffic prediction on
the road network, determines with Control Algorithm 1 that the platoons
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merging is convenient (see the traffic speed predicted overall by the platoon
coordinator in Fig. 3.4). The meeting takes place at time step k̃P = 52, and
the speed profiles to be implemented by the priority platoon and the non-
priority platoon to perform the rendezvous at the hub are shown in Figs. 3.5a
and 3.5b, respectively, while Fig. 3.5c depicts the speed profile of the platoon
created at the hub to reach the final destination.
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FIGURE 3.4: Traffic speed predicted by the platoons coordinator
on the platoon routes.

Let us now consider the second pair of platoons examined in this case study,
which cover the same routes of the first couple of platoons but in different
time frames. Specifically, the priority platoon begins its journey at k = 300
and must reach its final destination at Kfin,P = 395, while the non-priority
platoon starts its journey at k = 320 and should reach its destination at Kfin,N =
420. The platoons coordinator predicts congestion on the path of the priority
platoon, which makes the meeting with the non-priority platoon at the hub
impossible. Therefore, the platoons coordinator optimizes the speed of each
platoon disjointly according to Control Algorithm 3, and the resulting speed
profiles for each platoon are displayed in Fig. 3.6.
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FIGURE 3.5: Speeds implemented by the first pair of platoons
(red lines) compared with the mean traffic speed in the stretch
where the platoons are traveling (dashed gray lines): speed of
the priority platoon (3.5a) and the non-priority platoon (3.5b)
before the merging at the hub, speed of the platoon created after

the merging at the hub up to the final destination (3.5c).
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FIGURE 3.6: Speeds implemented by the second pair of pla-
toons (red lines) compared with the mean traffic speed in the
stretch where the platoons are traveling (dashed gray lines):
speed of the priority platoon (3.6a) and the non-priority pla-

toon (3.6b) to reach their final destinations.
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3.6 Conclusions

This chapter focuses on truck platooning and its steps and process, from the
technology that made it possible all the way to the planning and scheduling
to allow the trucks to arrive at their destinations on time. The chapter starts
with the importance nowadays of platooning, especially for trucks, in the
terms of sustainability and improving traffic flow conditions. The complete
cycle of a platoon is presented through a literature review: on the low level,
the many innovations that allow for the grouping of trucks into platoons, and
on the high level, the strategies and schemes that improve the scheduling and
open the door for cooperation among different carriers.

In addition to that, this chapter also shows the difficulties and challenges
that were and still are standing in the way. One of these problems is the
effect of unpredicted traffic conditions on the arrival on time of the trucks.
Unfortunately, this aspect was not studied very well in the literature, and
the work in this chapter of the thesis comes as a contribution to that part of
the state of the art. A centralized control scheme has been proposed for real-
time re-planning of platoons plans defined at a strategic level. The proposed
control scheme consists of optimizing the speeds of the platoons before the
merging, during the shared journey and after the diverging phase, based
on predictions of traffic conditions on the routes traveled by the platoons.
In addition, the proposed control problems also allow the determination of
whether or not it is convenient for the platoons to merge into a single platoon
and share part of their route. The proposed control algorithms are based
on the periodic resolution of mixed-integer linear problems, either with a
quadratic cost or with a linear cost, while the prediction of traffic conditions
is performed by the METANET model.
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Chapter 4

Eco-driving

4.1 Introduction

As a part of the global plan to achieve environmental sustainability, eco-
driving defines a set of driving behaviors that benefit both the drivers, by
reducing fuel or energy consumption, and the environment, by mitigating
emissions. Researchers have been working on various strategies to enhance
eco-driving, such as developing advanced control algorithms for autonomous
and connected vehicles, optimizing vehicle trajectories to minimize energy
usage, and integrating real-time traffic and road condition data for improved
efficiency. Additionally, efforts have been made to incorporate regenera-
tive braking systems, especially in electric vehicles, to further reduce energy
losses. These advancements are crucial in creating more sustainable trans-
portation systems, particularly as the demand for mobility continues to rise
globally.

Eco-driving falls under the sustainability theme of this thesis; in this chapter,
overviews of the techniques and energy/fuel consumption models used are
outlined in Section 4.2 and Section 4.3 respectively, while Section 4.4 presents
in details the energy consumption model used as cost criterion for the work
proposed in Section 4.5 that refers to eco-driving concepts for electric vehi-
cles with regenerative braking. It was submitted to a scientific journal, is
currently under review and is available as a pre-print [33]. Specifically, this
work aims to find the optimal kinematic trajectory of an EV, driving from any
current initial state (position and speed) to a fixed final state, within a fixed
or free time horizon, with the primary objective of mitigating the energy con-
sumption of the vehicle. In more details, such trajectories are determined as
solutions of an optimal control problem having the acceleration of the elec-
tric vehicle as control input, and the position and speed as state variables.
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A power-based energy model, detailed in Section 4.4, is used to calculate
the consumption of energy and its regeneration while braking, resulting in a
non-smooth model with some discontinuities. In order to solve the problem,
different approaches are considered, based on different approximations of
the power-based model. Subsequently, an intermediary stop point problem
is created where a traffic signal is placed on the way of the vehicle, and the
previous approaches are modified accordingly by adding new constraints.
Comparison among results obtained from all the approaches are reported
and discussed for diverse initial state and signal timing scenarios. In par-
ticular, it is demonstrated that the simple square-of-acceleration approxima-
tion delivers excellent eco-driving control trajectories, something that may
be leveraged to simplify problems arising in other eco-driving situations.

4.2 Overview of eco-driving techniques

Along with economic growth, human society is witnessing environmental
problems and resource scarcity. Environmental consciousness has led lately
the industries to target a more sustainable future, including the automotive
industry, which is a significant contributor to greenhouse emissions, from
the manufacturing of the vehicles to their operation and end-of-life disposal.
The incessant rise in global fuel consumption, coupled with environmental
concerns and the escalating price of energy, demands a thorough reassess-
ment of current practices. On the individual level, the behavior of the driver
impacts substantially the energy efficiency of their vehicle [96]. From this
principle, an eco-friendly driving approach emerges and fosters sustainabil-
ity: eco-driving [14] requires drivers to adopt a set of fuel-efficient behaviors,
like gradual acceleration/deceleration and keeping an optimal steady speed
when possible. The drivers are also asked to minimize idling, reduce ex-
cess weight, optimally use the gears, and other prudent driving approaches.
Nowadays with autonomous driving, eco-driving takes a step beyond in-
dividual actions and incorporates advancements in technology to further en-
hance fuel economy. Previous studies used predictive algorithms to optimize
cruise control settings based on upcoming road conditions, traffic, and topog-
raphy for fuel efficiency. For example, in [69], the optimal values of starting-
up acceleration and cruising speed over hilly terrains or flat roads were deter-
mined for fuel-efficient driving; in [151], an eco-cooperative adaptive cruise
control (Eco-CACC) system was developed that computes the fuel-optimum
vehicle trajectory through a signalized intersection. The method used was
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initially the formulation of an optimal control problem and its solution using
mainly dynamic programming (DP) [14, 94, 75]; but because of its impracti-
cality, DP was replaced with other faster methods, like linear programming
[43] and non-linear programming methods (NLP) [149]. On the other hand,
the Pontryagin’s Maximum Principle (PMP) was also used, whose necessary
optimality conditions transform the optimal control problem into a two-point
boundary value problem [60]. This method gives an analytic solution that fits
into a real-time calculation of speed since it requires low computational effort
compared to nonlinear programming solutions [143].

Another significant facet in the face of global challenges posed by climate
change and the finite nature of conventional energy sources, is the acceler-
ating transition towards EVs as a pivotal element in the broader strategy
to mitigate energy consumption. The convergence of advancements in bat-
tery technology, coupled with a growing societal awareness of environmen-
tal impacts, has propelled EVs into the spotlight as a transformative force
in the transportation sector [5]. Eco-driving principles can be then extended
to EVs, aligning with the broader goal of sustainable and energy-efficient
transportation. While some traditional eco-driving practices still apply, the
unique characteristics of EVs introduce specific considerations for maximiz-
ing efficiency and range. Similarly to conventional ICE vehicles, efficient use
of an EV involves smooth acceleration and deceleration, and maintaining a
consistent speed. An advantage that EVs have is regenerative braking, which
contributes to energy efficiency by recovering and converting kinetic energy
back into electrical energy. This process helps extend the vehicle range and
improve overall efficiency by harnessing between 30% and 78% of energy
that would be otherwise lost [22]. Many previous works studied eco-driving
of EVs, either through data-driven techniques [84], or through the solution of
an optimal control problem, [4][160], or using hybrid techniques [103][154],
with the general goal to render transportation practices more sustainable and
energy-efficient. For cases where a vehicle is approaching a traffic light,
a family of systems called GLOSA (Green Light Optimal Speed Advisory)
[134], were developed to provide real-time information to drivers about the
optimal speed to approach a traffic signal in order to reduce stops, energy
and emissions, and also improve traffic flow. Previous studies improved or
modified GLOSA systems to be suitable for EVs. For example, [131] consid-
ers a multi-segment route in an urban environment where the EV must cross
many consecutive traffic lights. On the other hand, [160] considers only one
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intersection but takes into consideration the vehicle queue length at the traf-
fic light and tracks the driver’s speed tracking error. The work presented in
Section 4.5 can pave the way for the usage of simpler methods in GLOSA to
calculate the speed trajectories of the EVs [133] instead of the current algo-
rithms.

4.3 Overview of fuel/energy consumption models

Energy consumption modeling has become an essential research area to opti-
mize vehicle performance, enhance efficiency, and support sustainable trans-
portation. In every work or study related to eco-driving, an energy (or fuel,
for ICE vehicles) consumption model that estimates power requirement of
the EV is essential and in [90], an overview of EV energy consumption mod-
els is presented, such as the Vehicle Specific Power (VSP) model [155] and the
Virginia Tech Comprehensive Power-based EV Energy Consumption Model
(VT-CPEM) [50]. These models take into consideration fundamental physi-
cal aspects of the vehicle and what is required to move it from one point to
another. including speed conditions. The most important of these aspects
are the traction force, the rolling resistance, the aerodynamic drag and the
gravitational force, basically the vehicle dynamics, along with the powertrain
efficiency. Some models take a step further by representing environmental
conditions, driving cycles and behavior, and the vehicle load. For EVs, in
addition to the battery and electric motor efficiencies, recent models incorpo-
rate the energy regeneration capability of the braking system [19] [158], with
efficiency of recent ones ranging from 60% to 80%.
For ICE vehicles, using the squared acceleration as an approximation for the
fuel consumption model [66][91] is a common approach in the field of eco-
driving and vehicle energy management to avoid complex models. The rea-
soning behind using this approximation is that higher accelerations generally
result in increased fuel consumption due to higher air resistance and power
demands on the engine. Thus by penalizing rapid changes in velocity (ac-
celeration), the optimization aims to find smoother and more fuel-efficient
driving profiles. On the other hand, other researchers criticized this sim-
plified model as it does not take into consideration the reduced fuel con-
sumption during deceleration of the vehicle, but counts it as a normal phase.
In [143], a comparison of optimal trajectories obtained from both this sim-
ple model and a complex fuel consumption model was carried out, and it
was demonstrated that the simple model delivers excellent approximations
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of the accurate control solutions. Concerning EVs, adding to the previous
disadvantage, the squared acceleration does not reflect the regenerative brak-
ing during deceleration, which is a gained energy. A comparison between
minimum-energy trajectories of specific scenarios obtained from this simple
approach and more complex and realistic energy consumption models does
not exist, to the best of our knowledge. The energy consumption model, de-
tailed in the next section, incorporates energy recovery using regenerative
braking and is used in Section 4.5.

4.4 Power-based model for estimating energy con-

sumption and regeneration

Models that estimate power requirements of EVs share similarities and fo-
cus on the instantaneous resistive forces acting on the vehicle moving at the
required acceleration and speed [53], which are:

• Inertia:
Ri(t) = m · a(t) (4.1)

where m is the mass of the vehicle [kg] and a(t) is the instantaneous
acceleration of the EV [m/s2] at time t,

• Road friction:
R f (t) = m · g · f · cos(θ(t)) (4.2)

where g is the gravitational acceleration [m/s2], f is the friction coeffi-
cient between the road and the wheels, and θ(t) is the inclination of the
road at time t,

• Gravitational force:

Rg(t) = m · g · sin(θ(t)), (4.3)

• Air drag:
Rd(t) = 1/2 · ρ · A · Cd · v(t)2 (4.4)

where ρ is the air density [kg/m3], A is the frontal surface area of the ve-
hicle [m2], Cd is the drag coefficient and v(t) is the instantaneous speed
of the EV [m/s] at time t.
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Considering a horizontal road (θ(t) = 0), the sum of the resistive forces F
yields the following:

F(v(t), a(t)) = m · a(t) + m · g · f + 1/2 · ρ · A · Cd · v(t)2 (4.5)

As mentioned previously, EVs currently are equipped with regenerative
brakes that allow them to recover part of the energy that is otherwise totally
lost as heat. While accelerating, an electric current flows from the batteries
to the electric motors moving the wheels, and the total force acting on the
car is positive. But during the braking phase, the total force is negative and
the recovered energy serves as a current flowing back from the wheels to
the battery, thus recharging it. That mentioned, the total force at the electric
motors Fm is given by:

Fm(v(t), a(t)) =

F(v(t), a(t)) i f F(v(t), a(t)) > 0 (accelerating),

η · F(v(t), a(t)) i f F(v(t), a(t)) ≤ 0 (braking),
(4.6)

where η represents the efficiency of the regenerative braking of the EV. As
η < 1, the force at the motors can be represented in a different way:

Fm(v(t), a(t)) = max[F(v(t), a(t)), ηF(v(t), a(t))]. (4.7)

The power at the motors Pm(v(t), a(t)) can then be calculated using:

Pm(v(t), a(t)) = Fm(v(t), a(t)) · v(t), (4.8)

and the power produced or received by the batteries is calculated through
[160]:

Pb(v(t), a(t)) = Pm(v(t), a(t)) · η
−sign(Pm(v(t),a(t)))
b · η

−sign(Pm(v(t),a(t)))
m + Pa · η−1

b
(4.9)

where ηb and ηm are the efficiencies of the battery and the electric motors
respectively, and Pa represents the auxiliary power used for the radio, lights
and air conditioning. This equation shows that, when braking, the battery is
receiving power (Pm(v(t), a(t)) and Pb(v(t), a(t)) have negative values) less
than the power produced at the wheels (reduced by the efficiencies ηb and
ηm).
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4.5 Optimal control methodologies for eco-driving

of electric vehicles with regenerative braking

As mentioned in Section 4.1, this work is submitted to a scientific journal
[33] and is still under review, and focuses on finding the optimal trajectory
of an EV equipped with regenerative braking, driving from an initial state
(position and speed) to a fixed final one, within a fixed or free time hori-
zon, with the primary objective to reduce the energy consumption of the
vehicle. To this end, an optimal control problem is defined that minimizes
a cost function holding a dynamic power-based model that reflects energy
consumption and restoration (through regenerative braking), with the accel-
eration of the vehicle serving as the control input. The energy consumption
model presented in Section 4.4 is complex and includes some discontinuities
and non-smooth parts that make it difficult to get an exact optimal solution.
Therefore, a smoothened version of the original energy consumption model
is considered to obtain a quasi exact numerical solution via an efficient fea-
sible direction algorithm [109][110]. Furthermore, two simpler approxima-
tions are utilized to determine if they yield vehicle trajectories similar to the
optimal ones. First, an analytical solution of the problem is obtained using
PMP and a quadratic approximation of the power-based energy consump-
tion model. Using the same methodology, the second approach consists of
using an even simpler criterion that is based on the square-of-acceleration.
Subsequently, the problem is extended with a stop point, reflecting a traffic
signal on the way of the EV to its destination. This new problem is solved
with similar approaches as the previous problem, but with new constraints
added, taking into consideration that the traffic light switches from red to
green after a fixed time. Comparison among results obtained from all the
approaches for both problems are reported and discussed for diverse initial
state and signal timing scenarios. In particular, it is demonstrated that the
simple square-of-acceleration approximation delivers excellent eco-driving
control trajectories. This is practically significant result that may be lever-
aged to simplify problems arising in other, more complex EV eco-driving
situations.
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4.5.1 Optimal control problems without stop points

Eco-driving aims at maximizing fuel/energy efficiency, in other words min-
imizing fuel/energy consumption, while driving from an origin to a desti-
nation safely and comfortably. In this work, an EV has to follow a trajectory
from an initial state x0 = [p0, v0]

⊤, where p0 and v0 are the given initial posi-
tion and speed of the vehicle respectively, to a final state xe = [pe, ve]⊤ within
a time horizon T that can be fixed or free, where pe and ve are the fixed ve-
hicle final position and speed, respectively. Note that the case of a free time
horizon should be taken into consideration appropriately in the problem to
ensure a logical and finite duration of the trip. As an eco-driving problem,
the total energy consumption should be minimized while ensuring that the
vehicle reaches its final state within T. That is achieved by finding the op-
timal control inputs (accelerations) over time in order to have the optimal
speed trajectory.

The minimization problem mentioned above is formulated as the following
optimal control problem, in which p(t) and v(t) represent the system state
variables.

Problem 3 Given the system initial conditions p(0) = p0 and v(0) = v0, find the
optimal control a(t), t = 0, ..., T, that minimizes

J =
∫ T

0
Pb(v(t), a(t))dt. (4.10)

subject to the state equations of vehicle motion:

ṗ(t) = v(t) (4.11)

v̇(t) = a(t), (4.12)

and the final state conditions:
x(T) = xe, (4.13)

v(T) = ve. (4.14)

Acceleration may be bounded between a minimum and a maximum value,
and the speed between zero and a maximum value, if necessary. More com-
plex, e.g. speed-dependent, acceleration terms may be directly considered or
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added to the above criterion as penalty terms. In the following subsections,
some alternative approaches are reported to solve Problem 1.

Approach A-QA: Analytic solution using a quadratic approximation of the
power-based energy consumption model

The first approach is to solve the problem analytically using a quadratic ap-
proximation of the power-based energy consumption model, i.e. the function
Pb(v(t), a(t)) in (4.9). As Pb is a function of the instantaneous speed v(t) and
acceleration a(t), its quadratic approximation, P̃QA

b (v(t), a(t)), has the fol-
lowing form:

P̃QA
b (v(t), a(t)) = b1 + b2 · v(t)+ b3 · a(t)+ b4 · v(t) · a(t)+ b5 · v(t)2 + b6 · a(t)2.

(4.15)
One way to obtain the coefficients bi, i = 1, ..., 6, and bypass the non dif-
ferentiability of the max and sign functions, is by using the least square dif-
ference [42]. The method consists of finding the optimal values of the pa-
rameters by minimizing the sum of the squared difference between values of
Pb(v(t), a(t)) and P̃QA

b (v(t), a(t)) in (4.15):

min
v2

∑
v=v1

a2

∑
a=a1

(P̃QA
b (v, a)− Pb(v, a))2, (4.16)

where v1, v2, a1 and a2 are the boundaries of the intervals of speed and ac-
celeration respectively in which the fitting of P̃QA

b (v(t), a(t)) to Pb(v(t), a(t))
is obtained. Those values also determine, along with the counting steps, the
number of points used for the fitting. The function P̃QA

b (v(t), a(t)) can be
used as an approximation of the power-based model Pb(v(t), a(t)) within the
optimal control problem.

The approximate fuel consumption optimal control problem considers then
the minimization of the quadratic approximation for the energy consump-
tion P̃QA

b (v(t), a(t)), i.e. the optimal control problem to be solved is:

Problem 4 Given the system initial conditions p(0) = p0 and v(0) = v0, find the
optimal control a(t), t = 0, ..., T, that minimizes

J =
∫ T

0
P̃QA

b (v(t), a(t))dt, (4.17)

with P̃QA
b given by (4.15), subject to the state equations (4.11) and (4.12), and the
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final state conditions (4.13) and (4.14).

The use of a quadratic cost criterion results in smooth variations of both the
state and control over time. The Hamiltonian function [117] for Problem 2
reads

H(v(t), a(t), λ1(t), λ2(t)) = P̃QA
b (v(t), a(t)) + λ1(t)v(t) + λ2(t)a(t) (4.18)

where λ1(t) and λ2(t) are the co-state variables. The optimal control is cal-
culated from ∂H

∂a(t) = 0:

b3 + b4v(t) + 2 · b6a(t) + λ2(t) = 0. (4.19)

Solving (4.19) for a(t), it yields:

a(t) = −b3 + b4v(t) + λ2(t)
2 · b6

. (4.20)

Substituting (4.20) into (4.18), the optimal Hamiltonian function
H0 = H(v(t), λ1(t), λ2(t)) is derived. The other conditions of optimality are:

ṗ(t) =
∂H0

∂λ1(t)
= v(t) (4.21)

v̇(t) =
∂H0

∂λ2(t)
= −b3 + b4v(t) + λ2(t)

2b6
(4.22)

λ̇1(t) = − ∂H0

∂p(t)
= 0 (4.23)

λ̇2(t) = − ∂H0

∂v(t)
= −b2 +

b3b4 + b2
4v(t) + b4λ2(t)

2b6
− 2b5v(t). (4.24)

Using symbolic computation tools, the linear system of ordinary differential
equations (4.21)-(4.24) can be solved analytically with ease. The solution is
expressed through exponential functions of time, involving both state and
co-state variables. The parameters determining the characteristics of the so-
lution trajectories are contingent upon the initial and final conditions of the
problem and the time horizon, as well as on the quadratic approximation
used for the energy consumption model. Approach A-QA consists of substi-
tuting the analytic solution for x(t), v(t), λ1(t), λ2(t) in (4.20) to get the ana-
lytic solution for the optimal acceleration a(t).
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Approach A-SA: Analytic solution using a simple approximated power-
based energy consumption model

The square-of-acceleration is used sometimes in the literature instead of com-
plex fuel consumption models for internal combustion engine vehicles for
fuel minimization. It can be considered as a simple approximation of the
already quadratic approximation model in (4.15), here denoted by P̃SA

b (a(t)):

P̃SA
b (a(t)) =

1
2

a(t)2. (4.25)

This simple model does not apply in case of vehicle deceleration (i.e. negative
acceleration) and it does not take into consideration that the batteries are
charging from regenerative braking, like shown in equation (4.7). In order to
understand whether this simplification is able to give acceptable results, one
of the objectives of this work is to compare results obtained by applying this
method with the ones obtained from using the quadratic approximation of
the original complex function, as in [143].

Following the same methodology of Approach A-QA and according to [104],
the optimal control problem and the solution trajectory for the acceleration
are formulated as follows.

Problem 5 Given the system initial conditions p(0) = p0 and v(0) = v0, find the
optimal control a(t), t = 0, ..., T, that minimizes

J =
∫ T

0
P̃SA

b (a(t))dt, (4.26)

with P̃SA
b (a(t)) given by (4.25), subject to the state equations (4.11) and (4.12), and

the final state conditions (4.13) and (4.14).

The Hamiltonian function for the approximate optimal control problem reads

H′(v(t), a(t), λ′
1(t), λ′

2(t)) = P̃SA
b (v(t), a(t)) + λ′

1v(t) + λ′
2a(t) (4.27)

where λ′
1(t) and λ′

2(t) are the co-state variables of this problem. The optimal
control is calculated from ∂H′

∂a(t) = 0:

a(t) + λ′
2(t) = 0. (4.28)
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Solving (4.28) for a(t), yields:

a(t) = −λ′
2(t). (4.29)

Substituting (4.29) into (4.27), the optimal Hamiltonian function
H′

0 = H′(v(t), λ′
1(t), λ′

2(t)) is derived:

H′
0 = −1

2
λ′

2(t)
2 + λ′

1(t)v(t). (4.30)

The other conditions of optimality are:

ẋ =
∂H′

0
∂λ′

1(t)
= v(t) (4.31)

v̇ =
∂H′

0
∂λ′

2(t)
= −λ′

2(t) (4.32)

˙λ′
1(t) = − ∂H′

0
∂p(t)

= 0 (4.33)

˙λ′
2(t) = − ∂H′

0
∂v(t)

= −λ′
1(t). (4.34)

According to (4.33), λ′
1(t) is a constant, i.e. λ′

1(t) = c1, and using (4.34),
we get λ′

2(t) = −c1t + c2. Finally, taking into consideration equation (4.27),
Approach A-SA consists of finding the solution trajectory for the acceleration,
which is linear with respect to time t, as

a(t) = c1t − c2, (4.35)

where c1 and c2 are constants and may be calculated from the boundary con-
ditions.

Both Approaches A-QA and A-SA produce a closed-form solution that de-
pends on the initial and final conditions of the problem and can be computed
virtually instantaneously (for more details, see [143]).

Approach N-SM: Numerical solution with the smoothed power-based en-
ergy consumption model

While the analytic solution of optimal control problems using the neces-
sary conditions of optimality can be powerful, it comes with certain disad-
vantages as limited applicability to problems with complex dynamics, non-
linearity, and struggle with intricate and complex constraints. That is where
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numerical solution algorithms come in handy. For the purposes of this work,
a discrete-time version of the direction algorithm has been used, as in [110],
which exploits the notion of reduced gradient to eliminate the state variables
and solve the problem in the space of the control variables using well-known
NLP methods. It is noted that the energy consumption function (4.9) features
discontinuous first-order derivatives at the switching point when the value of
F(v(t), a(t)) is zero, basically when Fm(v(t), a(t)) switches from F(v(t), a(t))
to ηF(v(t), a(t)), or vice-versa. This may lead to difficulties when using
gradient-based optimization methods. Hence, it is useful to have a smooth
nonlinear cost function that is differentiable everywhere in its domain.

The derived power-based model in equation (4.9) can be written as follows:

Pb(v(t), a(t)) = v(t) · max[F(v(t), a(t)), ηF(v(t), a(t))]

· η
−sign(v·max[F(v(t),a(t)),ηF(v(t),a(t))])
b

· η
−sign(v(t)·max[F(v(t),a(t)),ηF(v(t),a(t))])
m + Pa · η−1

b . (4.36)

The function Pb(v(t), a(t)) is non-smooth and discontinuous. The existence
of both max and sign functions introduces discontinuous first-order deriva-
tives when the value of F is zero. Consider a general non-smooth function
S1 = max[A1, A2]. Such a function may be approximated via a smooth func-
tion called the smooth maximum unit (SMU) [21]:

SSM
1 =

A1 + A2 +
√
(A1 − A2)2 + ϵ1

2
(4.37)

where ϵ1 ≥ 0 is a smoothing parameter and when ϵ1 → 0, SSM
1 → S1.

By applying (4.37) to Fm(v(t), a(t)) in (4.8), we get:

PSM
m (v(t), a(t))

= v(t) · F(v(t), a(t)) + ηF(v(t), a(t)) +
√
(F(v(t), a(t))− ηF(v(t), a(t)))2 + ϵ1

2
.

(4.38)

Consider a general discontinuous function S2 = sign[A]. Such a function
may be approximated by one of the Continuous Approximations of Sign
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Function (CASF)[130]:

SSM
2 =

A√
A2 + ϵ2

2

(4.39)

where ϵ2 is a smoothing parameter and when ϵ2 → 0, SSM
2 → S2.

By applying (4.39), we get:

sign[PSM
m (v(t), a(t))] ≈ PSM

m (v(t), a(t))√
(PSM

m (v(t), a(t)))2 + ϵ2

. (4.40)

The smooth, continuous and differentiable function P̃SM
b (v(t), a(t)) in terms

of PSM
m (v(t), a(t)) is then obtained by replacing (4.40) in (4.9):

P̃SM
b (v(t), a(t)) = PSM

m (v(t), a(t)) · η

−PSM
m (v(t),a(t))√

(PSM
m (v(t),a(t)))2+ϵ2

2
b

· η

−PSM
m (v(t),a(t))√

(PSM
m (v(t),a(t)))2+ϵ2

2
m + Pa · η−1

b . (4.41)

The same function can be extended to be in terms of F(v(t), a(t)), by replac-
ing P̃s

m(v(t), a(t)) with (4.38) in (4.41), and in terms of v(t) and a(t) by re-
placing F(v(t), a(t)) with (4.5). Examples of the smoothed function P̃SM

b for
different combinations of ϵ1 and ϵ2 can be found in Figure 4.1 where they
are compared to the original function Pb in function of a(t) for a constant
v(t) = 20m/s. The best smoothed version that is the closest to the origi-
nal and without a steep change of its derivative at the switching point is for
ϵ1 = 500000 and ϵ2 = 500 (represented in blue in Figure 4.1).

The optimal control problem for minimizing energy consumption is trans-
formed considering a discrete-time formulation as follows. The discrete-time
version of the state equations (4.11), (4.12) is

p(k + 1) = p(k) + v(k)∆t +
1
2

a(k)∆t2 (4.42)

v(k + 1) = v(k) + a(k)∆t. (4.43)

with ∆t being the time step length and k · ∆t = t.
According to this discrete-time formulation, the optimal control problem is
given by:
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FIGURE 4.1: The original non smooth energy model Pb and ver-
sions of its smoothed variation P̃SM

b for different combinations
of (ϵ1, ϵ2) in function of the acceleration for a constant speed of

20 m/s

Problem 6 Given the system initial conditions p(0) = p0 and v(0) = v0, find the
optimal control a(k), k = 0, ..., K − 1, that minimizes

J[v(k), a(k)]

=
K−1

∑
k=0

(
p1 · P̃SM

b (v(k), a(k)) +
1
2

p2 · min[0, v(k) + ϵ]2
)

+
1
2

p3 · [pe − p(K)]2 +
1
2

p4 · [ve − v(K)]2,

(4.44)

subject to the state equations (4.42) and (4.43), and the final state conditions (4.13)
and (4.14).

In J[v(k), a(k)], P̃SM
b (v(k), a(k)) is the smoothed nonlinear energy consump-

tion function (4.41) and the last two quadratic penalty terms account for the
final conditions of the vehicle position and speed, respectively, by penaliz-
ing deviations from the respective desired final states; the penalty weights
p3 and p4 must be selected sufficiently large to ensure the virtual fulfillment
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of the final state conditions. Moreover, a penalty term, with p2 as the corre-
sponding weight, ensures that no negative speed values will appear in the
solution.

Approach N-SM consists in solving Problem 4 numerically, by adopting the
Feasible Direction Algorithm (FDA) [110][143]. This algorithm capitalizes on
the structure of the state equations, transforming the optimal control problem
into an NLP problem within the reduced space of control variables, specif-
ically an mK-dimensional space, where m represents the number of control
variables and is equal to 1 in this case. Therefore, the algorithm generates a
control trajectory a(k), k = 0, ..., K − 1, corresponding to a local minimum of
the objective function, while simultaneously adhering to the state equations
and constraints. In achieving this, the FDA leverages the reduced gradient
g(k) = [∂ f /∂a(k)]⊤λ(k + 1) + ∂ϕ/∂a(k) in the mK-dimensional space of con-
trol variables, provided that the states and co-states involved in the partial
derivatives satisfy the corresponding state and co-state equations. The FDA
operates iteratively, necessitating an initially feasible control trajectory that
satisfies all state equations and constraints. In each iteration, the FDA com-
putes a descent search direction using the reduced gradient information and
determines the optimal step along this direction through a line-search pro-
cedure. Consequently, this process results in an enhanced feasible control
trajectory with a diminished objective function value, serving as the initial
trajectory for the subsequent iteration. It is important to note that the al-
gorithm ensures improved objective values with each iteration and boasts
global convergence, transitioning from any starting control trajectory to a lo-
cal minimum.

4.5.2 Optimal control problems with a stop point: GLOSA

In order to take into consideration signalized intersections and traffic lights,
Problem 3 can be modified by adding a new condition. As the EV has to go
from the initial state x0 = [p0, v0]

⊤ to a final state xe = [pe, ve]⊤ within a
time horizon T that can be fixed or free, it is not allowed to pass through
a given position pSP before a fixed time tr, where pSP is the position of the
traffic light and tr is the time from the moment the EV starts its trajectory
until the traffic light switches from red to green. This new problem is labeled
as the GLOSA problem where the vehicle should satisfy all the constraints
including the traffic light one, while minimizing its energy consumption by
adjusting its acceleration appropriately. The optimal objective value of the
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Stop Point problem is JSP(tSP), a function of tSP which is an intermediate
time, at which the vehicle is required to cross the signal position, creating a
new constraint. The optimal control problem to be solved in this case is the
following;

Problem 7 Given the system initial conditions p(0) = p0 and v(0) = v0, find the
optimal control a(t), t = 0, ..., T, that minimizes

JSP(tSP) =
∫ T

0
Pb(v(t), a(t))dt (4.45)

subject to the state equations (4.11) and (4.12), the final conditions (4.13) and (4.14),
an intermediate equality constraint for the position of the EV:

p(tSP) = pSP, (4.46)

and the constraint for the crossing time tSP:

tSP > tr. (4.47)

Problem 7 is solved with the same approaches described in Section 4.5.1 but
with the addition of the new condition of the traffic signal: the continuous-
time version analytically, using Approaches A-QA-SP and A-SA-SP (similar
to Approaches A-QA and A-SA but with the stop point constraint), and the
discrete-time version numerically, using Approach N-SM-SP (similar to Ap-
proach N-SM but with the stop point constraint).

Approach A-QA-SP

This approach consists of getting an analytical solution using an approxima-
tion of energy consumption model, thus replacing Pb(v(t), a(t)) in (4.45) with
the quadratic approximation P̃b

QA
(v(t), a(t)) from (4.15).

Problem 8 Given the system initial conditions p(0) = p0 and v(0) = v0, find the
optimal control a(t), t = 0, ..., T, that minimizes

JSP(tSP) =
∫ T

0
P̃b

QA
(v(t), a(t))dt, (4.48)
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subject to the state equations (4.11) and (4.12), the final conditions (4.13) and (4.14),
and constraints (4.46) and (4.47).

The optimal state and control trajectories have the following two-branch form
over time:

a(t) =

a1(t) 0 ≤ t ≤ t−SP

a2(t′) t+SP ≤ t ≤ T
(4.49)

v(t) =

v1(t) 0 ≤ t ≤ t−SP

v2(t′) t+SP ≤ t ≤ T
(4.50)

p(t) =

p1(t) 0 ≤ t ≤ t−SP

p2(t′) t+SP ≤ t ≤ T
(4.51)

where t′ = t − tSP, and a1(t), a2(t), v1(t), v2(t), p1(t) and p2(t) represent the
analytic solutions of the acceleration, speed and position respectively, ob-
tained through the methodology of Approach A-QA. These solutions contain
8 constants that can be specified by solving a system of 8 equations con-
sisting of: the initial and final states, the continuity conditions a(t−SP) =

a(t+SP), v(t−SP) = v(t+SP), p(t−SP) = p(t+SP) and the intermediate condition
p(tSP) = pSP. Let us denote by tSP−1 the time when the EV reaches the traffic
light position pSP in Problem 4. As the GLOSA problem has an additional
constraint compared to Problem 4, it yields that JSP(tSP) ≥ J ∀tSP. The value
of JSP(tSP) is minimal when tSP = tSP−1, as expected, and increases mono-
tonically as tSP increases beyond tSP−1. So to solve this constrained problem
in presence of a traffic light at pSP and switching time to green tr, Algorithm
4 is applied and the following steps are taken:
1) Solve Problem 4; if tSP−1 ≥ tr, then the solution of Problem 4 does not vio-
late the green-light constraint and Problem 8 is solved as well; else
2) Solve Problem 8 with tSP = tr to obtain the Stop Point problem solution.

Control Algorithm 4 Algorithm applied to solve the stop point problem

1: Solve Problem 4 and compute tSP−1 - Go to Step 2
2: Compare tSP−1 to tr. If tSP−1 ≥ tr, go to Step 3, otherwise go to Step 4
3: Apply the optimal solution from Step 1
4: Solve Problem 8 - go to Step 5
5: Apply the optimal solution from Step 4
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Approach A-SA-SP

Let us use now P̃SA
b (a(t)) from (4.25), which gives us Approach A-SA-SP, and

the optimal control problem to be solved in this case is the following:

Problem 9 Given the system initial conditions p(0) = p0 and v(0) = v0, find the
optimal control a(t), t = 0, ..., T, that minimizes

JSP(tSP) =
1
2

∫ T

0
a(t)2dt, (4.52)

subject to the state equations (4.11) and (4.12), the final conditions (4.13) and (4.14),
and constraints (4.46) and (4.47).

The analytic solution of the acceleration is calculated similarly to Approach
A-SA and in this case, the optimal state and control trajectories have the fol-
lowing two-branch form over time,

a(t) =

c1t + c2 0 ≤ t ≤ t−SP

c5t′ + c6 t+SP ≤ t ≤ T
(4.53)

v(t) =

1
2 c1t2 + c2t + c3 0 ≤ t ≤ t−SP
1
2 c5t′2 + c6t′ + c7 t+SP ≤ t ≤ T

(4.54)

p(t) =

1
6 c1t3 + 1

2 c2t2 + c3t + c4 0 ≤ t ≤ t−SP
1
6 c5t′5 + 1

2 c6t′2 + c7t′ + c8 t+SP ≤ t ≤ T
(4.55)

where t′ = t − tSP. Assuming a fixed time horizon, these equations contain
the parameters ci , i = 1, ..., 8, which can be specified by solving a system of 8
equations identical to the one of Approach A-QA-SP. This time, let us denote
by tSP−2 the time when the EV reaches the traffic light position pSP in Problem
5. The behavior of JSP is the same as in the previous approach and to solve
this constrained problem in presence of a traffic light at pSP and switching
time to green tr, Algorithm 5 is applied and the following steps are taken:
1) Solve Problem 5; if tSP−2 ≥ tr, then the solution of the Problem 5 does not
violate the green-light constraint and Problem 9 is solved as well; else
2) Solve Problem 9 with tSP = tr to obtain the Stop Point problem solution.
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Control Algorithm 5 Algorithm applied to solve the stop point problem

1: Solve Problem 5 and compute tSP−2 - Go to Step 2
2: Compare tSP−2 to tr. If tSP−2 ≥ tr, go to Step 3, otherwise go to Step 4
3: Apply the optimal solution from Step 1
4: Solve Problem 9 - go to Step 5
5: Apply the optimal solution from Step 4

The solutions are obtained analytically using symbolic differentiation tools,
as Problems 4 and 5 require solving a system of four algebraic equations and
Problems 8 and 9 require solving a system of eight equations. The numerical
execution of those analytical formulas to obtain the solution of these prob-
lems takes less than a second of computation time and so may be done locally
in the EV once the system receives the next switching time. That being said,
the vehicle trajectory can be updated periodically (using MPC) to take into
consideration unpredicted disruptions to its speed, like slower traffic ahead
for example.

Approach N-SM-SP

As in Approach N-SM, the cost function to be minimized is a discrete time
formulation of the problem, using the smooth version P̃SM

b (v(k), a(k)) of the
power function, as shown in the following:

Problem 10 Given the system initial conditions p(0) = p0 and v(0) = v0, find
the optimal control a(k), k = 0, ..., K − 1, that minimizes

JSP[v(k), a(k)]

=
K−1

∑
k=0

(
p1 · P̃SM

b (v(k), a(k)) +
1
2

p2 · min[0, v(k) + ϵ]2
)

+
1
2

p3 · [pe − p(K)]2 +
1
2

p4 · [ve − v(K)]2

+ p5

kr−1

∑
k=0

(
min(pSP − p(k), 0)2

)
.

(4.56)

subject to the state equations (4.43) and (4.42) and the final conditions (4.13) and
(4.14).
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The objective function of Problem 10 has an additional penalty term for the
stop point constraint compared to (4.44) from Problem 6, which is the fifth
term representing a penalty term that prevents position values greater than
the traffic signal position, pSP, as long as k < kr where kr is the signal switch-
ing time step, with p5 as the corresponding weight. In this approach, FDA is
used to solve Problem 10, like for Approach N-SM.

4.6 Results and Comparisons

In order to address the energy consumption problem, several scenarios are
considered using the previously explained approaches: Approaches A-QA and
A-SA consist of getting an analytical solution using an approximation of
the power-based energy model (quadratic approximation for A-QA and the
square-of-acceleration for A-SA) while Approach N-SM consists of getting a
numerical solution using a smoothed form of the model and the feasible di-
rection algorithm. More specifically, three scenarios are explored where an
EV has to go from an initial state to a final one during a fixed time horizon:
scenarios 1 and 2 address the problem without a stop point while scenario 3
represents a traffic light case. The conditions of each scenario are the initial
and final positions in m, p0 and pe respectively, the initial and final speeds in
m/s, v0 and ve respectively, and the time horizon T in s. For scenario 3, two
additional conditions are the position of the traffic signal pSP in m and the
switching time from red to green of the signal tr in s (non existent for scenar-
ios 1 and 2). The quadratic approximation in approaches A-QA and A-QA-SP
was effectuated for v1 = 0 m/s, v2 = 25 m/s, a1 = −2 m/s2, a2 = 2 m/s2

(check (4.16)) and 0.2m/s and 0.1m/s2 as counting steps for speed and accel-
eration respectively. Details about each scenario are shown in Table 4.1.

As shown in Table 4.1, the initial speed is higher than the final one in Sce-
nario 1 so it is an example of a negative acceleration trajectory where the EV
needs to decelerate. On the contrary in Scenario 2, a positive acceleration is
presented by an initial speed that is less than the final speed, so the vehicle
needs to accelerate in order to reach the final position within the time hori-
zon. Scenario 3 has again an initial speed greater than the final one but this
time there is a traffic light, so the EV should adjust its speed to cross the signal
after it switches from red to green and then arrive to its final state. For each
scenario, the obtained speed and acceleration profiles from all approaches
are fed into the original energy consumption model (4.9) and the resulting
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TABLE 4.1: The conditions of each scenario and the approaches
used to solve the optimal control problem

Scenario 1 2 3
p0 0 0 0
pe 320 420 320
v0 20 15 10
ve 15 20 15
T 19 25 30

pSP - - 85
tr - - 12

Approaches A-QA, A-SA, A-QA, A-SA, A-QA-SP, A-SA-SP,
N-SM N-SM N-SM-SP

energy consumption values are used to compare these approaches. The most
exact values are the ones obtained from the numerical solutions, and they
are compared to the other values in order to evaluate the effectiveness of the
analytical approaches of giving close results. As an extension to Scenario 3,
section 4.6.4 includes comparisons of the energy consumption between the
three approaches for multiple stop point scenarios. In fact, 6 initial speeds of
the EV, 8 positions of the traffic light and 2 switching times are considered,
while all other conditions are the same as Scenario 3. The values of the EV
parameters used in this work are the ones of the Nissan Leaf [50]: m = 1521
kg, A f = 2.3316 m2, Cd = 0.28, f =0.015, ηm = ηb = 0.9, η = 0.7, Pa = 700 w,
g=9.8066 m/s2, ρ=1.2256 kg/m3.

4.6.1 Scenario 1

The optimal trajectories of acceleration, speed and position of the vehicle in
Scenario 1, resulting from Approaches A-QA, A-SA and N-SM, are presented
in Figure 4.3. It is evident that the derived results from all approaches are
close to each other; and that the final speed ve and position xe are achieved
at the final time T as requested. The speed and acceleration profiles are fed
into the original model (4.9) and the energy consumption values obtained
for Scenario 1 are: 2.155 Wh for Approach A-QA, 2.156 Wh for Approach N-SM
(0.046% difference) and 2.5 Wh for Approach A-SA (16% difference). Note that
in this scenario, the vehicle decelerates continuously to reach the final speed
of 15 m/s, and despite that, the minimization of the square-of-acceleration
does a decent job of giving very close speed profile as the other approaches
but the energy consumption for this approach is higher than the others. The
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trends for the power consumption from all approaches are presented in Fig-
ure 4.2.

FIGURE 4.2: Power profiles from Approaches A-QA, A-SA and
N-SM for Scenario 1
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(a) (b)

(c)

FIGURE 4.3: Acceleration (4.3a), speed (4.3b) and position (4.3c)
profiles from approaches A-QA, A-SA and N-SM for Scenario 1

4.6.2 Scenario 2

The optimal trajectories of acceleration, speed and position of the vehicle in
Scenario 2 resulting from Approaches A-QA, A-SA and N-SM are presented in
Figure 4.5 . As in the first scenario, the results from all approaches are very
close and the final conditions are satisfied. The energy consumption values
obtained from using the speed and acceleration profiles in the original model
(4.9) for Scenario 2 are: 99.3 Wh for Approach A-QA, 98.74 Wh for Approach N-
SM (0.56% difference) and 99.91 Wh for Approach A-SA (0.6% difference from
Approach A-QA and 1.18% difference from Approach N-SM). Note that, for this
scenario, the vehicle needs to accelerate continuously in order to reach the
required final speed of 20 m/s, and as expected, the square-of-acceleration
works better than the previous scenario as an approximation for the mini-
mization of the energy consumption. The trends for the power consumption
from all approaches are presented in Figure 4.4.
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FIGURE 4.4: Power profiles from Approaches A-QA, A-SA and
N-SM for Scenario 2
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(a) (b)

(c)

FIGURE 4.5: Acceleration (4.5a), speed (4.5b) and position (4.5c)
profiles from approaches A-QA, A-SA and N-SM for Scenario 2

4.6.3 Scenario 3

The optimal trajectories of acceleration, speed and position of the vehicle
from Approaches A-QA-SP, A-SA-SP and N-SM-SP for Scenario 3 are pre-
sented in Figure 4.7, and the power trends are shown in Figure 4.6. It is
obvious from the trajectories that the vehicle reduces its speed in order to
pass the traffic signal just after switching from red to green. The energy con-
sumption values obtained from the original model (4.9) by using the speed
and acceleration profiles for Scenario 3 are: 76.99 Wh for Approach A-QA-SP,
77.02 Wh for Approach N-SM-SP (0.039% difference) and 76.97 Wh for Ap-
proach A-SA-SP (0.026% difference from Approach A-QA-SP and 0.065% dif-
ference from Approach N-SM-SP). This scenario represents the stop point case,
and although the initial speed is lower than the final one, the EV has to first
decrease its speed in order to reach the traffic signal after the switching time,
so in fact it is a case of both deceleration and acceleration. As the previous
scenarios, Approach A-QA-SP gave very close results to Approach N-SM-SP,



4.6. Results and Comparisons 121

which again shows that the quadratic approximation performs very well. As
the deceleration period is short, Approach A-SA-SP gives satisfactory results
and is able to compete with the other approaches.

FIGURE 4.6: Power profiles from Approaches A-QA-SP, A-SA-SP
and N-SM-SP for Scenario 3
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(a) (b)

(c)

FIGURE 4.7: Acceleration (4.7a), speed (4.7b) and position (4.7c)
profiles from approaches A-QA-SP, A-SA-SP and N-SM-SP for

Scenario 3

4.6.4 More stop point scenarios

In this section, comparisons of the energy consumption values obtained from
the original model (4.9) between the 3 different approaches to solve the stop
point problem are shown. More specifically, 6 initial speeds of the EV, from
5 m/s to 12 m/s, 8 positions of the traffic signal, from 50 m to 105 m, and 2
switching times of the traffic light, 9 s and 12 s, are considered, which brings
the total number of scenarios to 96. Figures 4.8, 4.9 and 4.10 show the relative
difference in consumed energy between Approaches A-QA-SP and A-SA-SP,
Approaches A-QA-SP and N-SM-SP and Approaches A-SA-SP and N-SM-SP re-
spectively for a switching time of 9 s, while Figures 4.11, 4.12 and 4.13 show
the relative difference in consumed energy between Approaches A-QA-SP and
A-SA-SP, Approaches A-QA-SP and N-SM-SP and Approaches A-SA-SP and N-
SM-SP respectively for a switching time of 12 s. As it is demonstrated in these
figures, almost all relative differences between energy consumption values



4.6. Results and Comparisons 123

from Approaches A-QA-SP and N-SM-SP are under 1%. This shows that the
analytic solution using the quadratic approximation can be a very good ap-
proach for energy minimization of a trip of an EV. As for Approach A-SA-SP
compared to the others, we can see that the energy consumption difference
is high for extreme values of initial speed and traffic signal position. This is
due to the fact that more deceleration is done by the EV in these cases, and
like previously mentioned, the square-of-acceleration approximation is not a
good fit for prolonged periods of negative acceleration.

FIGURE 4.8: Relative difference of energy consumption be-
tween Approaches A-QA-SP and A-SA-SP for a switching time

of 9 s
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FIGURE 4.9: Relative difference of energy consumption be-
tween Approaches A-QA-SP and N-SM-SP for a switching time

of 9 s

FIGURE 4.10: Relative difference of energy consumption be-
tween Approaches A-SA-SP and N-SM-SP for a switching time

of 9 s
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FIGURE 4.11: Relative difference of energy consumption be-
tween Approaches A-QA-SP and A-SA-SP for a switching time

of 12 s

FIGURE 4.12: Relative difference of energy consumption be-
tween Approaches A-QA-SP and N-SM-SP for a switching time

of 12 s
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FIGURE 4.13: Relative difference of energy consumption be-
tween Approaches A-SA-SP and N-SM-SP for a switching time

of 12 s

4.6.5 Discussion

As Approaches N-SM and N-SM-SP minimize a smoothed version of the orig-
inal energy model, the resulting solutions are exact and superior to the solu-
tions from Approaches A-QA, A-SA, A-QA-SP and A-SA-SP. But as shown pre-
viously in this section, using an approximation of the model and solving for
a minimum analytically gives satisfactory results as they are very close to the
numerical solutions. In fact, the states and control profiles and energy con-
sumption are almost similar using the quadratic approximation P̃QA

b (v, a).
This opens the way for the use of these analytical solutions in real life sys-
tems for finding optimal speeds of a trajectory, like GLOSA, as Approaches
N-SM and N-SM-SP can be heavy computationally and time consuming for
the real applications. Concerning the square-of-acceleration, the results show
that it can be a very good approximation for energy consumption minimiza-
tion over a short time horizon in positive acceleration cases, as it does not
take into consideration the regeneration of energy from the brakes and the
absence of consumption in negative accelerations.

4.7 Conclusions

This chapter focuses on the concept of Eco-driving and its applications, falling
under the theme of sustainability in mobility and transportation. At first, a
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literature review on Eco-driving techniques was presented, showcasing the
innovations in this domain and the advancements achieved since decades
ago. Then an overview of energy/fuel consumption models used for im-
proving efficiency and optimizing vehicle performance was shown and in
particular, a power-based energy consumption model was detailed, specifi-
cally for EVs with regenerative brakes, allowing to recover some of the en-
ergy lost while braking.

A particular part of the state of the art talks about GLOSA systems and their
effectiveness in making traffic flow smoother and reducing congestion and
fuel consumption. The work of the thesis presented in this chapter focuses
on the algorithms that find the optimal kinematic trajectory of an EV travel-
ing from an initial state of position and speed to a final one. The objective
is to provide a replacement for the computationally heavy algorithms with
simpler ones that give very close results. To this end, an optimal control
problem was formulated and three approaches were used: the first approach
is to solve it analytically using a quadratic approximation calculated by the
least square method (Approach A-QA), the second one consists as well of solv-
ing it analytically but using the square-of-acceleration (Approach A-SA), while
the third approach consists of solving it numerically, using an FDA and a
smoothed version of the original energy model that has discontinuous first-
order derivative (Approach N-SM).

Then another optimal control problem was presented, which is similar to the
previous one, but this time there is a traffic signal on the way of vehicle, so
the crossing must be done after the switching time of the traffic light from
red to green. This problem is solved using Approaches A-QA-SP, A-SA-SP
and N-SM-SP, which are analogous to Approaches A-QA, A-SA and N-SM re-
spectively but with taking into consideration the new constraint of the traffic
signal. In order to test the ability of Approaches A-QA and A-SA to give close
results to Approach N-SM, and Approaches A-QA-SP and A-SA-SP to give close
results to Approach N-SM-SP, three scenarios were considered, with one of
them including a traffic signal. The respective approaches were compared, in
terms of acceleration, speed, position and power profiles, along with energy
consumption. Then the relative difference of energy consumption calculated
for all the stop point problem approaches were shown for a sizable number
of scenarios.

The results show that analytical solutions using a quadratic approximation of
the energy model are very similar to numerical exact solutions, which allows
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them to be used in real life applications for them being less costly and time
consuming. The square-of-acceleration also appears to be a good approxi-
mation for energy minimization of EVs for short time horizons and positive
acceleration cases.
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Chapter 5

Conclusion

The transportation sector is at the forefront of addressing critical challenges
related to sustainability, efficiency, and technological advancement. Freeway
networks, as vital components of modern infrastructure, are increasingly
strained by growing traffic volumes, leading to significant issues such as con-
gestion, greenhouse gas emissions, and energy inefficiency. This thesis has
addressed these challenges by focusing on mixed traffic systems, comprising
both human-driven and autonomous vehicles, and exploring innovative so-
lutions to enhance traffic flow, reduce energy consumption, and improve sys-
tem sustainability. Central to this research is the recognition that sustainable
transportation solutions must integrate advanced modeling, control strate-
gies, and technological innovations. By considering the dynamics of freeway
traffic, the complexities of mixed traffic scenarios, and the potential of au-
tonomous vehicle technologies, this work contributes to a broader effort to
create smarter, more sustainable transportation systems. The methodologies
and models developed herein not only advance theoretical understanding
but also provide practical tools for optimizing traffic flow and minimizing
environmental impact in real-world applications.

Chapter 2 of this thesis addresses traffic modeling, which has long been a
cornerstone of transportation research, offering valuable tools to analyze,
simulate, and optimize traffic systems. The literature review on this topic
focuses on the fact that traffic models are traditionally categorized into three
types: macroscopic, mesoscopic, and microscopic, each with distinct advan-
tages. Microscopic models focus on individual vehicle dynamics, provid-
ing detailed insights into driver behavior and vehicle interactions. Macro-
scopic models, on the other hand, capture aggregate traffic flow characteris-
tics such as density, flow, and speed, offering scalability and computational
efficiency. Mesoscopic models bridge these two extremes, modeling traffic at
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an intermediate level of detail, while retaining computational feasibility. Two
specific macroscopic models, METANET and the Cell Transmission Model
(CTM), have been studied in detail and used in this work. METANET, a
second-order traffic flow model, is utilized in Chapter 3 due to its capability
to accurately model traffic speed dynamics, which is critical for the analysis
presented in that chapter. Its ability to capture the acceleration and decel-
eration of vehicles with greater precision makes it a robust choice for tasks
requiring detailed speed profiles. Conversely, CTM is explored in Chapter 2
as the foundation for the proposed traffic modeling framework. Its simplic-
ity and the advantage of discretizing roadways into cells make it a suitable
choice for modeling mixed traffic systems.

The state-of-the-art in mixed traffic modeling addresses the complexities in-
troduced by the heterogeneity of vehicle types, driving behaviors, and in-
teractions. Recent advancements incorporate autonomous vehicle technolo-
gies into established modeling frameworks to better predict traffic dynam-
ics and explore control strategies. This thesis contributes to this growing
body of knowledge by employing advanced traffic models to analyze and
optimize mixed traffic scenarios. Specifically, the CTM-based mixed traffic
model developed in this thesis incorporates CAVs as control actuators in a
traffic stream with HVs. The core innovation lies in modeling CAVs as clus-
ters—groups of closely spaced vehicles acting as moving bottlenecks, divid-
ing each cell into upstream and downstream segments. This division allows
for a more nuanced representation of the impact of CAVs on traffic flow, en-
hancing the accuracy and applicability of the model to real-world scenarios.
When properly controlled, these clusters can mitigate congestion, leading to
shorter travel times, or even preventing congestion altogether. Two forms of
the model were developed. The single-lane version simplifies the highway
stretch by ignoring lane distinctions, focusing on controlling cluster speeds
to smooth traffic flow and reduce congestion ahead. The multi-lane version
extends this capability, incorporating lane-changing dynamics to allow clus-
ters to block or influence specific lanes, enhancing control of HV traffic.

The promising results highlight the potential of this model, particularly when
applied to real-time traffic control scenarios. Future works include testing
more case studies of real highways and complicated traffic scenarios, while
applying more complex control schemes to the clusters. CAV speeds would
be determined using machine learning techniques to reduce congestion more
effectively. Strategies might also consider the cluster to change lanes during
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its trip, variable time gap between the CAVs and the optimal number of CAVs
that form a cluster.

In line with the goals of this thesis, the subsequent chapter shifts focus to an-
other promising sustainable solution in traffic systems: platooning. Specifi-
cally, it examines truck platooning, a concept with the potential to transform
freight transportation by enabling groups of trucks to travel in tightly coordi-
nated formations. The benefits of truck platooning are multifaceted, includ-
ing reduced fuel consumption through aerodynamic drag reduction, lower
greenhouse gas emissions, improved road utilization, and enhanced safety
due to CACC. The chapter explores the complexities and innovations under-
pinning platooning, including the processes of platoon formation, control,
and scheduling at both low and high levels. The importance of inter-carrier
cooperation is highlighted, demonstrating its ability to maximize the eco-
nomic and environmental benefits of platooning. Additionally, the chapter
delves into the challenges and limitations of platooning, such as ensuring
robust communication, managing platoon merging and splitting, address-
ing regulatory and infrastructure constraints, and securing broad adoption
among carriers. The state-of-the-art research activities aimed at overcom-
ing these obstacles are presented, showcasing innovative methodologies and
technologies that pave the way for widespread implementation of this sus-
tainable solution. The state-of-the-art literature also reveals a significant gap:
limited consideration of real-time traffic conditions in platoon coordination.
Unpredicted congestion can disrupt platoon schedules, reducing the overall
efficiency of the system and diminishing stakeholder trust in its reliability.

To address this, the work presented in Chapter 3 integrates traffic predic-
tions, derived using the METANET model detailed in Chapter 2, into the
platoon coordination framework. This novel approach enhances the oper-
ational reliability of truck platooning, further demonstrating its viability as
a sustainable solution in modern traffic systems. This work contributes to
the field of platoon coordination by bridging strategic and tactical levels of
planning through a centralized, off-board control scheme. The proposed
approach re-plans coordination decisions made at the strategic level by in-
corporating real-time traffic predictions, an essential consideration given the
impact of traffic conditions on high-level planning. By doing so, the method
addresses situations where pre-defined platoon merging decisions may be-
come suboptimal or unfeasible due to unforeseen traffic dynamics. Unlike
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existing studies, this work defines platoon speed profiles online using a pre-
dictive control scheme. A central coordinator periodically forecasts traffic
conditions along the platoons’ routes, evaluates the feasibility and benefits
of planned rendezvous points, and determines the optimal speeds to main-
tain schedule adherence. This study specifically focuses on the coordination
of two platoons, predetermined to meet at a hub on their shared route. The
inclusion of priority constraints, where one platoon (the "priority platoon")
has strict time requirements, while the other (the "non-priority platoon") has
greater flexibility, adds a practical dimension to the model.

By incorporating real-time traffic considerations and addressing practical con-
straints, this work highlights the importance of adaptability in platoon coor-
dination and underscores the potential for predictive control to improve the
reliability and efficiency of truck platooning systems. The results of a case
study show that and open the door for future works that consider the pres-
ence of multiple platoons and meeting points, as well as equal priority levels
of platoons.

Another essential element of sustainability is eco-driving, which is explored
in Chapter 4, addressing its potential to significantly enhance energy effi-
ciency and reduce emissions in modern transportation systems. Eco-driving
strategies represent a critical shift toward more sustainable mobility, empha-
sizing the importance of optimizing driving behaviors and vehicle opera-
tions to minimize environmental impact. A comprehensive review of the
literature highlights a wide range of techniques, innovations, and algorithms
developed to improve fuel consumption efficiency, including GLOSA sys-
tems. Collectively, these approaches showcase the progress made in pro-
moting more sustainable driving practices while underscoring the challenges
that remain. Moreover, electric vehicles, with their lower environmental im-
pact and energy-efficient design, represent a key component in sustainable
mobility. The integration of EVs in mixed traffic scenarios presents new
opportunities for reducing the carbon footprint and improving air quality,
aligning with the broader goals of sustainability in the transportation sector.
The discussion further delved into the significance of fuel and energy con-
sumption models, which are crucial for evaluating and improving vehicle
efficiency. These models provide the necessary framework to assess the im-
pact of various driving strategies and technologies on energy consumption.
In particular, this chapter detailed a consumption model specifically tailored
for electric vehicles equipped with regenerative braking systems. This model
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accounts for the unique energy recovery capabilities of regenerative brak-
ing, enabling a more accurate representation of energy usage and potential
savings. The findings presented in this chapter emphasize the growing rel-
evance of eco-driving in achieving sustainable transportation goals, demon-
strating how advancements in modeling and technology can drive progress
toward greener mobility solutions.

The work presented in Chapter 4 has successfully explored the optimiza-
tion of the trajectory of an electric vehicle equipped with regenerative brak-
ing, focusing on minimizing energy consumption while transitioning from
an initial state to a fixed final state, within fixed time horizons. The core
of this research involved the formulation of an optimal control problem that
minimizes energy consumption using the dynamic power-based model men-
tioned earlier. Despite the complexities in the energy consumption model,
including discontinuities and non-smooth parts, a smoothened version was
employed to derive a quasi-exact numerical solution using an efficient fea-
sible direction algorithm. Furthermore, two simpler approximations were
explored to assess their effectiveness in determining vehicle trajectories. The
first approach utilized an analytical solution based on the Pontryagin’s Max-
imum Principle with a quadratic approximation of the power-based model,
while the second approach is based on the square-of-acceleration criterion.
Both approaches demonstrated their potential for generating eco-driving con-
trol trajectories with remarkable accuracy. Additionally, the problem was
extended to include a stop point, simulating a traffic signal along the EV’s
route. The solutions to this extended problem, incorporating new constraints
based on fixed traffic light timings, further demonstrated the robustness of
the proposed methodologies.

This outcome holds practical significance, suggesting that the proposed ap-
proach could be applied in GLOSA systems guiding EVs, contributing to
improved energy efficiency and sustainability in real-world transportation
systems. Future works would consider a free time horizon of the EV’s tra-
jectory and a stochastic switching time of the traffic light, which takes into
account more real-life systems. Moreover, realistic traffic scenarios, like con-
gestion, can be taken into consideration where the vehicles in front of the EV
are slower and not following the recommended speed, so the EV’s trajectory
could be updated periodically using model predictive control.
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