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Abstract: A specialized version of collaborative driving is convoy driving. It is referred to as the
practice of driving more than one vehicle consecutively in the same lane with a small inter-vehicle
distance, maintaining the same speed. Extensive research has been conducted on convoys of heavy-
duty trucks on the highway; however, limited research has studied convoy driving in an urban
environment. The complex dynamics of an urban environment require short-lived collaboration with
varying numbers of vehicles rather than collaborating over hours. The motivation of this research is
to investigate how convoy driving can be realized to address the challenges of an urban environment
and achieve the benefits of autonomous driving such as reduced fuel consumption, travel time,
improved safety, and ride comfort. In this work, the best-fitted coalitional game framework is utilized
to formulate the convoy driving problem as a coalition formation game in an urban environment.
A hypothesis is formulated that traveling in a coalition is more beneficial for a vehicle than traveling
alone. In connection with this, a coalitional game and an all-comprehensive utility function are
designed, modeled, and implemented to facilitate the formation of autonomous vehicle coalitions
for convoy driving. Multiple solution concepts, such as the Shapley allocation, the Nucleolus, and
the Core, are implemented to solve and analyze the proposed convoy driving game. Furthermore,
several coalition formation strategies such as traveling mode selection, selecting optimal coalitions,
and making decisions about coalition merging are developed to analyze the behavior of the vehicles.
In addition to this, extensive numerical experiments with different settings are conducted to evaluate
and validate the performance of the proposed study. The experimental results proved the hypothesis
that traveling in a convoy is significantly more beneficial than traveling alone. We conclude that
traveling in a convoy is beneficial for coalition sizes of two to four vehicles with an inter-vehicle
spacing of less than 4 m considering the limitations of an urban environment. Traveling in a coalition
allows vehicles to save on fuel, minimize travel time and enhance safety and comfort. Furthermore,
the findings of this research state that achieving the enormous benefits of traveling in a coalition
requires finding the right balance between inter-vehicle distance and coalition size. In the future, we
plan to extend this work by studying the evolving dynamics of the coalitions and the environment.

Keywords: collaborative autonomous driving; convoy driving; urban environment; coalitional game

1. Introduction

The realization of autonomous driving can significantly reduce road traffic accidents,
congestion, and excessive fuel consumption by transferring driving control from humans
to autonomous vehicles. The Society of Automotive Engineers (SAE) [1] classifies au-
tonomous vehicles (AVs) into five levels of autonomy. Currently, available autonomous
driving features in Level 2 (L2), and L3 vehicles primarily consist of Advanced Driving As-
sistance Systems, initially deployed in controlled and structured environments. However,
in complex urban and uncontrolled settings, the presence of a mix of AVs, conventional
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vehicles, vulnerable road users, and dynamic unexpected events pose challenges to safe
navigation, minimizing travel delays, and avoiding congestion. Defining the complex
urban environment is difficult as there is no universally agreed-upon definition. Based
on our research, we provide our own definition of a complex environment and present a
high-level abstract (Figure 1) that encapsulates the most relevant dynamics representative
of a complex urban environment. To facilitate understanding and highlight challenges in
specific urban settings, we break down the environment into various scenes such as fewer
dynamics, roundabout challenges, sharp turns, etc., as depicted in Figure 1 (readers are
highly encouraged to refer to the authors’ recent publication [2] for further details).

o (2] ©

Figure 1. Representation of the complex urban environment.

To address the challenges posed by the urban environment, the traditional autonomous
driving systems at L2 and L3 are striving towards achieving L5, which represents fully
autonomous driving. In line with this objective, both the industry and research communities
have been actively developing and offering solutions, such as collaborative autonomous
driving [3], to enable a higher degree of autonomy.

Collaborative autonomous driving solutions have been present for some time, but
their focus has primarily been on lower levels of automation and vehicular networks.
The tasks of behavioral planning, local planning, and inter-vehicular communication for
these lower levels of automation are relatively more straightforward compared to the
envisioned higher levels of automation. The higher levels involve complex scenarios such
as congested settings, multi-lane roads with vehicles of different speeds, roundabouts,
intersections, pedestrians, and more. These complex dynamics of an urban environment
require short-lived collaboration with varying numbers of vehicles.

A specialized version of collaborative driving is convoy driving. Convoy driving
refers to the practice of multiple vehicles driving consecutively in the same lane with small
distances between them, maintaining the same speed [3]. While extensive research has been
conducted on platooning heavy-duty trucks on highways, limited research has studied
convoy driving in an urban environment [4]. Moreover, most studies on urban vehicle
platooning have focused on analyzing platoons consisting of only two or three vehicles,
with limited exploration of larger platoon sizes [5].

The motivation of this research is to investigate how convoy driving can be realized to
address the challenges of the urban environment and achieve the benefits of autonomous
driving such as reduced fuel consumption, travel time, and improved safety and ride com-
fort. Moreover, we formulate a hypothesis that traveling in a coalition is more beneficial
than traveling alone. Researchers have been showing great interest in game-theoretical
learning approaches such as coalitional games focusing on collaborative driving by devel-
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oping customized mathematical models of the problems rather than using ready-made
black-box machine-learning approaches.

Given the nature of the proposed research, we have chosen to employ a cooperative
game theory—a coalitional game framework, which is the best-fitted solution for this
problem. We model convoy driving as a coalition formation game. The proposed frame-
work allows us to investigate the dynamics of convoy driving and analyze the potential
advantages of forming coalitions among vehicles.

Some of the overarching contributions of this research are as follows:

*  Modeling convoy driving in an urban environment leveraging the coalition game
framework. The novel and all-comprehensive utility functions are designed to realize
the coalition formation of autonomous vehicles to drive collaboratively.

e Utilizing multiple solution concepts, such as the Shapley allocation, the Core, and
the Nucleolus, to solve and analyze the game, providing an understanding of the
outcomes and implications of the coalition formation process.

*  Modeling and implementing several effective coalition formation strategies, includ-
ing joining a coalition, selecting optimal coalitions, and making decisions about
coalition merging.

*  Carried out numerical experiments to validate the real-world benefits of convoy driv-
ing such as reduced fuel consumption, travel time enhanced safety, and ride comfort.

The paper is organized into seven sections. Section 2 provides the background knowl-
edge and presents an overview and comparison of the relevant studies. Section 3 elaborates
on the formulation of the convoy driving problem leveraging coalition game theory, pro-
posed utility functions, assumptions, and constraints to model the game. Section 4 analyzes
the game, leveraging different solution concepts. Section 5 discusses different coalition
implementation strategies. Section 6 discusses the numerical experiments and results in
detail. Section 7 elucidates the conclusion of the study.

2. Background and Related Work

This section provides a discussion of the prerequisite background knowledge and
related work necessary to comprehend the contents of this paper.

2.1. Coalition

In coalition game theory (CGT), a coalition refers to a group of two or more rational
players who join together, coordinate their actions and jointly achieve their common objec-
tives aiming to obtain a better payoff than they could by acting alone. In the context of game
theory, a player is a strategic decision-maker who participates in the game. In this paper,
the players are the vehicles. Therefore, we use the terms player and vehicle interchangeably.
The players within a coalition share out the payoff of collaboration amongst themselves
according to some agreed-upon scheme, such as an equal sharing of profits or proportional
sharing based on their contribution to the coalition.

2.2. Utility Function

A utility function is a mathematical function designed to assign a numerical value
to each outcome of a game, representing the degree of preference or satisfaction that a
player derives from that outcome. In CGT, a utility function is used to model the players’
preferences over the possible payoffs resulting from different coalitions. The utility value
assigned to each coalition represents the degree of satisfaction that the players derive from
that coalition’s payoff (the term payoff and utility are used interchangeably in this paper).
Each player has their own utility function, reflecting their individual preferences and goals.

2.3. Solution Concept

It is a way of allocating the payoff to the players in a game, given that they collabo-
rate and form coalitions. It provides a criterion for deciding how the total payoff should
be distributed among the players in a way that is considered fairor stable. Several solu-
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tion concepts such as the Core, the Shapley value, and the Nucleolus are available in the
game theory.

2.4. Related Work

Vehicle merging is a common reason for traffic congestion on highways. Due to
various factors like traffic flow, driver behavior, and travel goals, it is challenging for
vehicles to merge smoothly. Hang et al. [6] proposed a solution to address the multi-lane
merging issue for Connected and Autonomous Vehicles (CAVs) by leveraging a cooperative
decision-making framework based on coalitional game theory. The proposed framework
involved a motion prediction module that forecasted the motion of vehicles and a cost
function that considered safety, comfort, and traffic efficiency. The coalitional game with
Model Predictive Control was used to coordinate the decision making of CAVs at multi-lane
merging zones. The experimental results of two case studies, which tested four coalition
types and various driving scenarios, indicated that CAVs could make rational decisions.
Furthermore, the cost associated with each CAV in the grand coalition allocated by the
Shapley method was lower than that in a single-player coalition, providing evidence of
the grand coalition’s superiority. In another study, Hang et al. [7] developed a cooperative
lane change decision-making framework for AVs using a coalitional game strategy that
accounted for human-like driving traits such as aggressive, moderate, and conservative.
The cost function for decision making was designed based on three performance indices—
safety, comfort, and efficiency. Finally, simulation tests were conducted to verify the
viability and efficacy of the proposed approach. The experimental results demonstrated
that the algorithm could make safe and accurate lane change decisions for AVs.

Managing traffic at junctions, particularly in urban areas, can be a challenging task.
Hang et al. [8] proposed a solution to address the coordination and decision-making
problems of CAVs at unsignaled intersections. They first employed a Gaussian potential
field approach to construct a driving risk assessment algorithm that evaluated the safety risk
of nearby vehicles and reduced the complexity of the decision-making system. The authors
incorporated driving safety and passing effectiveness of the CAVs to develop the decision-
making cost function. They also formulated several decision-making constraints, including
control, comfort, efficiency, and stability. Based on the cost function and constraints, two
types of fuzzy coalitional game techniques were developed—single-player coalition and
grand coalition—to address the decision-making problem of CAVs at unsignaled junctions,
representing both individual and social advantages. The experimental results demonstrated
that the proposed decision-making framework could help CAVs make safe, effective, and
rational decisions. In another research, Hoai et al. [9] utilized a coalitional game-based
approach among intersection controller agents to enhance traffic flow by reducing the
wait time of vehicles at various intersections. To achieve this, they presented a distributed
merge and split algorithm for coalition formation, which determines how to cooperate
among agents for dynamically controlling traffic lights at intersections. Moreover, the
proposed method leverages real-time traffic flow data collected from CAVs to control
traffic at intersections. The authors leveraged the Nash equilibrium solution concept to
analyze the payoffs of each individual player’s actions. Finally, the suggested technique
was evaluated by developing various traffic flow rates to demonstrate its effectiveness
in terms of the number of vehicles passing through intersections at a given time and
the waiting time of vehicles. Netlogo, an agent-based modeling simulator, was used
to simulate traffic light control at intersections. The simulation results showed that the
proposed strategy outperformed conventional approaches in controlling traffic at various
intersections. Wei et al. [10] devised a hierarchical game-in-game framework aimed at
improving traffic safety by reducing collision rates and enhancing intersection throughput.
Their strategy involved a multi-layered approach that accounted for both cooperative
and non-cooperative games. The first layer employed the Platoon Structure Formation
Algorithm (PSFA), which formed a coalitional game to group vehicles into platoons and
schedule their passage through the intersection, thus increasing throughput and traffic flow
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smoothness. The second layer involved a strategic game designed to prevent collisions
within the intersection. Ultimately, the proposed framework utilized Nash equilibrium
solutions to manage intersection traffic effectively.

In another research, Angel et al. [11] aimed to improve safety [12], traffic flow, fuel
consumption, and platoon stability using coalitional game theory to create platoons while
simultaneously managing intra and inter-platoon coordination through a cooperative
communication strategy. They employed three utility functions—individual, coalitional,
and global functions—to evaluate the game. The individual utility considered the local
environment, including its state vector and information from infrastructure, while the
coalitional utility motivated the formation of a coalition. Finally, the global utility involved
players forming coalitions rather than remaining as individuals. The proposed framework
was tested by evaluating two parameters: load per path and transit time to destination.
Furthermore, the payoff to each player is distributed using Shapley values. Khan et al. [13]
conducted research that employed a hardware wireless Convoy Driving Device (CDD) to
design a coalition formation strategy that assists drivers in deciding whether to join or
leave a platoon, thereby influencing the platoon’s speed and formation. The CDDs could
communicate with each other and make decisions regarding platoon formation based on
various parameters, such as the vehicles” current and desired speeds, their limitations,
and the road speed limits. The vehicles cooperatively agreed on a consistent platoon
speed and then altered their speed to maintain the platoon’s stability, ideally with uniform
following distances. Two algorithms were also developed to determine whether to join
the coalition. The results showed that using the speed and proximity information of
neighboring vehicles can create rational coalitions. Moreover, the social potential field-
based influence scheme can not only form coalitions but also regulate the vehicle-to-vehicle
distance within the coalition.

Bouchery et al. [14] conducted a study on platoon formation from a system-wide
optimization perspective, where they formulated the underlying optimization problem
and presented exact and approximate solution approaches that demonstrated promising
results for practical scenarios. The authors suggested that truck platooning could be more
efficiently developed by multiple operators through cost-sharing, which requires a shift in
their business relations. To analyze cost allocation among players, they employed the coali-
tion game and utilized Core and Shapley allocation. Their analysis revealed that a trade-off
between existence, stability, and computational efficiency is necessary. Nonetheless, they
proposed cost allocation rules for cooperative platooning games that demonstrated high
stability in practice. Hadded et al. [15] devised a scenario of a shared transportation system
in an urban area where drivers were tasked with collecting abandoned vehicles. These
drivers, referred to as platoon leaders, had to drive the collected vehicles as a platoon to a
designated location, such as an airport or a train station. To tackle this issue, the authors
formulated a Hedonic coalition game to determine the following: (i) the allocation of un-
used vehicles to the minimum number of platoons; (ii) the best route for each platoon, and
(iii) the minimum energy required to collect all vehicles. In the coalitional game, the parked
vehicles were treated as players, and the vehicle platoons as coalitions. Three optimization
criteria were used to assess the quality of the solution after the game converged to a stable
result. The simulation-based outcomes demonstrated the efficacy of the proposed approach
in addressing the multi-objective optimization problem.

The comparative summary of the previous research based on ten different parameters
is discussed and presented in Table 1. These parameters include the type of coalition, use
case/objective, coalition implementation strategies, utility function parameters, utility func-
tion, constraints, assumptions, solution concept, and simulator/language. The parameter
coalition implementation strategies are further divided into three items: (i) Travel: alone or
coalition—which shows how a vehicle decides to travel alone or in a coalition; (ii) Coalition
Selection Decision—which shows how a new vehicle entering the road and seeking to join
a coalition chooses between two or more already-formed coalitions based on the best utility
value; and (iii) Merge /Split—which involves the formation and dissolution of coalitions
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among the vehicles. Merging occurs when two or more existing coalitions join together to
form a larger coalition while splitting occurs when an existing coalition breaks apart into
two or more smaller coalitions. The solution concept parameter is also further divided into
four parts: the Shapley, Core, Nucleolus, and the other category.

After reviewing the literature, we identify some limitations of previous studies, in-
cluding the following: (i) studies focus solely on single-use cases such as lane change
or lane merging; (ii) only a few studies directly applied the coalition game framework
to address the convoy driving problem; (iii) mostly studies model utility function using
one or two variables; (iv) based on Table 1, none of the studies implemented the coali-
tion selection decision strategy, and only two studies [9,14] implemented the Merge/Split
strategy; (v) analysis shows that only one study [14] implemented two solution concepts
(Shapley and Core) to analyze the game; (vi) none of the studies analyzed the game using
the Nucleolus, and most of the studies utilized either the Shapley allocation or the Nash
equilibrium to find the solution to the game. However, in this research, efforts are made
to address these research gaps by designing and modeling a generalized coalitional game
framework to realize the convoy driving in an urban environment. The all-inclusive utility
functions are designed comprising various objectives that a vehicle desires to achieve in an
urban environment. Multiple solution concepts are implemented to analyze the coalitional
game. Furthermore, several coalitional strategies are developed to analyze the behavior
of vehicles.
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Table 1. Comparative summary of the previous papers.

Coalition Implementation

Solution Concept

Coalition et Coalition Utility/Cost ili i Constraints A
Ref Come Type Use Case/Objective Composition Travel: Alone  MergefSplit _ Coalition Selection  Functon Parameters Utility/Cost Function p shapley Core Nudleolus  Other Language
or Coalition Decision
Coalition Multi-lane merging scenario Safety, comfort, and . Ride comfort, MATLAB/
[61 Formation for CAV CAVs x X X efficiency Wl O 4 Wl O+ Wl Y ;r;‘; ?cifefll;iﬁg\ - 4 X X - Simulink
Coalition Study of cooperative lane change Safety, comfort, and Safety, MATLAB/
171 Formation  decision-making issue of AVs. AVs X X X efficienc: PAV = kMM 4 kP 4 K P efficiency - X X X . Simulink
Study of Coalition formation and At
Coalition  ost-sharing for truck platooning utonomous . i ) . _
[14] foatitlen ggx‘Pﬁe{ﬁS;ﬂ_wme optimization Trucks X v X Traveling cost Ty T ¢+ Dl Dy Ty fo(ds — )29 Concavity v v X Julia
c All vehicles are CAVs,
uzzy ) . ) Safety, efficiency, motion states and MATLAB/
18] Coalition o o, CAvs x x x Driving safety, passing V= KV kY comfort, stability, osition information can v X X - Simulink
efficiency and control e shared with each other
Waiting time of vehicles, g?‘wf;;‘}; 1;;5:‘(‘(5;‘5;; & Red)
11 Coalition  Optimizing traffic flow at different AVs X v X number of Vehicles, T (tit) = Qi + tja — 1iB; . each intersection has four X x X Nash Netlogo
Formation intersections passing in a certain time directions and three lanes equilibrium
Likelihood of accidents, .
- i hange in travel time, v £ Nash
litional  Platooning of CAVs at the chang, i Throughput ash )
[10] Goatnenal intersection aiming (o enhance Lanes x X X and cost of speed v =9 throshol Traffic stream rate is > 0 x x x equilibrium
safety and intersection throughput change for all lanes
Coali Platoon formation to optimize the Distance, trave Nosensor fallure, -
1 oalition  raffic flow and safety in dense AV: X X X istance, travel time, ) = dyi [, mT) + T [x, mT] + Zyi [x, m T} AV has predefined initial v x X .
m Formation  scenarios s congestion tax OnilxymT) = dyilx,mT) + i, ] + Gy, mT] Communication position and final destination
) Maximum time spent in Vehicles must return to same
Hedonic Piatoqn alflocapokq and rout; Parked the platoon, maximum Energy, and each station, leader and followers Nash
- o planning for picking up an arke distance between _ .87 consume equal energy for the as| Java
[15] Coalition returning automated vehicles in Vehicles x X x two parked vehicles, fi(€) = maxyecdi.comroiate) = N/IC| "?“lf e should be came distarice, playebr)é x X x Stable
Formation  shared transportation systems history of the player picked up are rational
Current speed, 1Di—Sy | P, 20-meter wireless t it Motes Devi
desired speed, . 1 Posil ) B ifL; > 8 < U, -meter wireless transmitter - otes Devices
it u(,c) = ot A i > 8 <Uj reless tr !
[13] Coalition  Convoy driving on the highway Vehicles X X X zg;ﬁ‘égﬁﬁiﬂm ! 0 otherwise . 2 o ee with x x x YAES simulator
‘ormation ,
acceptable utility
Discussed in th Speed, safety
This Coalition Convoy drivin, iscussed In the paper . G ride comfort, and . . Pyth
paper Formation in the arban environment AVs 4 v v (Section 3.3) Uy =l xw0) x 9] = coalition size Discussed in the paper v v v - ython

(Section 3.4)

(Section 3.2)
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3. Convoy Driving—A Coalitional Formation Game

This section formulates convoy driving as a coalition formation game and discusses
the utility functions, assumptions, and constraints to model the problem.

3.1. Problem Formulation

We model a system of region R of road segment of K kilometers characterized by a set
of autonomous vehicles denoted as V' = {1,2,3,...n}, n = |N|. The number 1 can be 2, 22,
or 23, where all autonomous vehicles are equipped with communication technologies and
capable of communicating, cooperating, and coordinating with neighboring vehicles NV
within a range of distance d. At any time t a subset of autonomous vehicles S(t) C A are
capable of driving collaboratively and forming a coalition C with NV traveling in the same
direction and route R aiming to enhance the road efficiency and safety. In this research, we
define the term coalition as below:

Definition 1 (Coalition). A coalition C is defined as a set of two or more vehicles N = {1,2,3,...n}
traveling on the road with the same speed V and small inter-vehicle spacing . Each vehicle is
assigned an ID that specifies the coalition C that a vehicle belongs to and its position in the coalition.

It is not necessary for an ego vehicle V; to be in a coalition C at all time steps. Each
V € N can be in one of the two traveling modes 7,,: travel alone or travel in coalition.
The preference P of traveling mode of V; is based on the highest payoftf it achieves. Further-
more, for V; to travel in a coalition it has to accept certain terms of conditions such as speed
V, inter-vehicle distance 4, etc. Different types of vehicles can join and form a coalition;
however, the size of the coalition is assumed to be limited by the # threshold to maintain
the stability and efficiency of the complex urban environment. Furthermore, we model that
at time t the V; can be part of only one coalition, Coalition(i) N Coalition(j) = @,V i,j € N.
However, some of the crucial questions here are (i) when it is beneficial for V; to col-
late, (ii) who should collate with whom, and (iii) how to form the optimal coalitions and
distribute the benefits among the members of the coalition.

Given the collaborative nature of the research problem, we leverage the best-fitted
solution approach, the coalitional game theory (CGT), a framework to model convoy
driving as the coalition formation problem. The CGT is formally defined in Definition 2.

Definition 2 (Coalition Game). A coalitional game G is defined by a pair (N,v), where
N ={1,2,...,n} is the finite set of players who seek to form coalition C such that C € 2V,
The C consisting of only one player is referred to as a single-player coalition and C with all players
is referred to as a grand coalition. The v is a real-valued function, called characteristic function
such that v : 2N — R maps each possible coalition C C N to its payoff v(C). (Note: Although by
definition characteristics function is relevant to the coalition game. However, in this paper, we use
the characteristic function and utility function interchangeably.)

In the context of the convoy driving problem in an urban environment, the coalitional
game framework is adapted to model the collaboration among vehicles to form convoys
aiming to achieve autonomous driving benefits. In what follows next, we break down the
elements of the coalitional game framework and explain their application in this context:

¢ Players: Individual vehicles in the urban environment where each vehicle aims to
achieve its objectives, such as reducing fuel consumption, minimizing travel time, and
maximizing passenger comfort.

¢  Coalition: Groups of vehicles forming convoys. A convoy is a formation where
vehicles travel closely together, synchronized in their movements.

*  Characteristic Function: The function, denoted as v, assigns a value to each coalition.
In the convoy driving problem, the characteristic function captures the benefits and
costs associated with forming a convoy. It takes into account several factors such
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as fuel efficiency gains, reduced air resistance, improved travel time, and potential
trade-offs related to coordination and constraints imposed on individual vehicles.

The characteristic function v is a utility function where each player or coalition tries
to maximize its value. The design and modeling of the proposed utility functions are
discussed in detail in Section 3.3. The utility of a coalition C is the cumulative sum of the
utilities of all vehicles within that coalition. The coalition formation allows the vehicles
to save on fuel, minimum travel time, and increase safety and comfort. Furthermore, it
incentivizes vehicles with an additional value 9 that fosters the coalition formations to
improve road efficiency. Vehicles may observe multiple coalitions on the road, where the V;
joins the optimal coalition by maximizing its utility. Considering the dynamic nature of the
road environment, the members of the coalition V € C can leave the coalition at any time
considering the terms and conditions; however, the vehicles remain in their coalitions until
a better one is proposed or until they have a common route. A generic representation of
convoy driving is depicted in Figure 2. The blue vehicle in L2 can take a decision to travel
alone or in a coalition of size three based on its utility.

Coalition Inter-vehicle Distance Congestion

Overlapping Route

Figure 2. Illustration of a coalition of autonomous vehicles.

3.2. Assumptions
Some of the main assumptions considered in this research are:

Al: All the simulated vehicles are autonomous vehicles capable of communicating and
coordinating with each other.

A2: At the time t, a vehicle V; can be a part of one coalition C(i) NC(j) = @,V i,j € N,
implying that V; cannot travel as part of two coalitions at a time.

A3: A minimum of two vehicles are required to form and travel in a coalition C.

A4: The utility of the players depends solely on the members of the coalition C, implying
that any external entity does not influence it.

A5:  Any new vehicle desiring to join the coalition C can only be added at the end of the
coalition as the last vehicle.

A6: The proposed algorithms execute on all the vehicles, assisting them in making decisions.

3.3. Proposed Utility Functions for Autonomous Vehicles

In this section, we design and model two utility functions for V; to travel alone and in
a coalition.
The utility function of V; traveling alone is a multi-objective function computed using
Equation (1).
Uia=1FCia+ 1284+ 13RCia+74TTin 1)

n

Y (i) =1 ?)
i=1
In Equation (1), FC; 4, Si a4, RCi 4, T T 4 represent the fuel consumption, safety, ride
comfort, and travel time of Vi, respectively, when traveling alone, whereas 71, 2, 73, 74 rep-
resent the weighting coefficients and the sum of these coefficients is set to 1. The formulae
to compute FC; 4, S; 4, RC; 4, and TT; 4 are discussed in detail in Section 3.3.2.
In what follows next, we discuss the utility function of Vi traveling in a coalition.
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The proposed multi-objective decision-making utility function handles multiple deci-
sion parameters, objectives, and cost functions to compute the utility of a vehicle V; that
desires to travel in a coalition C.

We now detail the basic requirements of the proposed utility function:

1.  The function ought to integrate all the criteria to form a single metric to assess the
benefits of joining a coalition C.

2. Weighting co-efficients are assigned to each criterion involved in decision making to

indicate its relative significance.

The inclusion of decision-making parameters is scenario dependent.

The characteristic of each modeled parameter is captured realistically.

5. Normalization is applied since the parameters are measured in different units. The nor-
malization values span between the interval [1, 5].

-

Now that we have discussed the basic requirements, we present the proposed utility
function. Let U;,¢ represents the utility function of a vehicle i when join the coalition C is
given as in Equation(3):

U= [(a x 1) x 9] — T, 3)

We decompose the utility function into three components as discussed below:

* (&« X Tc): a Time to collate function that calculates the duration during which a V;
intends to join a coalition.

e ¢9:a Gain function that computes the gain G that a vehicle V; will achieve by traveling
within a coalition C.

¢  J.: aCost function which calculates the cost that a V; incurs by joining C.

In what follows next, we discuss each component in detail:

3.3.1. Time to Collate

The time to collate 7, function is designed to compute the time for which a vehicle V;
desires to be part of a coalition C. The 7. computed in Equation (4) is based on various cru-
cial factors such as the (i) complexity of the environment C; of V}, (ii) the overlapping route

é between the V;, and the C, (iii) the estimated time Tﬁd of V; to reach the destination d

alone and (iv) the speed difference AVj;¢ between the desired speed of V; and the speed
offered by C. w1, wa, w3 and wy are the weighting coefficients that capture the sensitivity of
each factor and the sum of these weighting coefficients is set to 1. The weighting coefficients
are adjustable and experimented with different sets of values in different scenarios.

0,
T =wi Ce+wy =+ ws T_’,“d + wy AVgif 4)

n
Y (wi) =1 ®)
i=1
The optimal value of 7. of V; for a given situation varies depending on the specific
factors involved. For instance, in a highly complex environment, such as roundabouts,
vehicles may be more interested in joining a C for a shorter 7, to navigate the roundabout
safely. Roundabouts are challenging due to the merging and diverging traffic flows, hence,
requiring precise coordination between vehicles. Therefore, forming a coalition C of AVs
can leverage the benefits of collaborative driving, such as increased awareness, improved
safety, and safely navigating the roundabout in a shorter time. In contrast, in a relatively
less complex environment such as highways, there may be more opportunities for AVs to
form longer-lasting coalitions, as the driving conditions are more stable and predictable.
In such cases, AVs can collaborate together to maintain a safe distance, adjust their speed
and inter-vehicle spacing to optimize their safety, comfort, fuel efficiency, etc.
We believe that computing the 7. is a critical factor in the forming coalitions of AVs,
particularly in complex driving environments. By optimizing the 7. based on specific driv-
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ing conditions, vehicles can benefit from the increased safety, efficiency, and convenience of
collaborative driving.
In what follows next, we discuss each component of 7. in detail:

e Complexity of the Environment (C¢)—The complexity of the environment for V; refers to

the level of difficulty and diversity of the conditions, events, and obstacles that the
vehicle encounters in its operation. This includes factors such as traffic flow, road con-
ditions, weather, and pedestrian and cyclist presence, as well as the presence of other
vehicles and infrastructure elements like traffic signals and signs. The environment
in which V; travels, such as at intersections, junctions, and other high-traffic areas,
plays an imperative role for V; in deciding on whether to form a coalition with other
vehicles or not. These areas often require precise collaboration and communication
among multiple vehicles to ensure safe and efficient navigation. Therefore, the V;
must be able to evaluate the (C;) in its immediate vicinity to take an optimal decision
of coalition formation.
The traffic environment comprises various external factors that affect autonomous
driving systems, such as road conditions, weather conditions, and the behavior of
other traffic participants. However, these factors are subject to continuous or discrete
variations within a certain range, resulting in an infinite number of potential traffic
scenarios. Therefore, we believe that the complexity of the road traffic environment
is an objective characteristic that primarily depends on the physical attributes of the
environmental elements. These elements are broadly classified into two categories:

1. Static Element Complexity (Cg)—This includes road sections, tunnels, signs, markings,
plants, ancillary facilities, and other similar stationary environmental elements.

2. Dynamic Element Complexity (Cgp)—This refers to the environmental elements
that are constantly in motion, such as vulnerable road users, vehicles, and non-
motorized vehicles.

To compute the complexity of the current driving environment of V;, we adopt the
equation from the research conducted by Cheng et al. [16]. The complexity of static
and dynamic elements is weighted and summed to obtain the traffic environmental
complexity as computed using Equation (6).

Ce=M Cr+ MO Cp (6)

where C, represents the complexity of the environment as determined by the C; and
Cop, while (1 and (), are the respective weighting coefficients assigned to the C;
and Cp element complexities. The values of (2; and (2, have been set as 0.35 and
0.65, respectively.

Furthermore, based on the values of C, computed from Equation (6), the traffic environ-
ment complexity for V; is quantified into different categories as shown in Equation (7).
The explanation of these categories with their characteristics and examples is presented

in Appendix A Table Al.
08 < C. <1 Extremely Complex
C. — 06 < C, <0.8 More Complex @)
70104 < C <06 Average
0 <C <04 Simple

»  Estimated Time to Reach Destination—The estimated time to reach the destination of a
vehicle V; is the amount of time ¢ that it is expected to take for the vehicle V; to travel
from its current location L;(x, y) to its destination d, based on factors such as distance,
speed, and any stops or delays along the way. The estimated travel time of V; to reach
its d alone is computed using Equation (8).

D . _
T4, = = + (NS x 8% (8)
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where T —f}i is the time V; takes to reach the destination d alone; D is the distance that
the vehicle V; needs to cover to reach d; V it is the speed at which the V; travels; N
is the number of stops that the ; may make on the way to its destination d; and S, is
the amount of time the V; spends at each stop.

Calculating the 7'_A) ; is an important factor. For instance, if V; calculates its Tjd and
determines that it will arrive at its d within a short period, it may not be beneficial for
the V; to form a coalition. This is because the time saved by forming a coalition may
not outweigh the additional cost of coordinating with other vehicles and modifying
the vehicle’s route. In such cases, the vehicle may choose to continue on its own,
potentially saving resources and time. Therefore, calculating 7, helps the vehicle
to make informed decisions regarding the formation of C, taking into account the
potential benefits and costs.

Speed Difference—The speed difference between the V; and the coalition C is computed
using Equation (9). It determines the difference between the speed at which the V;
desires to travel on the road and the speed V that is offered by C to V; at which the C
of vehicles is currently traveling.

Vi—V,
1- \dec\ for Vi in < Ve < Vomax

AVyip = )
0 Otherwise

where V is the desired speed of vehicle V;; V¢ is the speed offered by the coalition C
to Vi; V_in is the minimum speed limit for V;; and the V_ 4y is the maximum speed
limit for V;. We assume that overall, the lower value of AVy;y is better for V;. If the V;
of V; is higher (V; = 50 km/h) than the V¢ (V¢ = 45 km/h), in this case the V; may not
see the potential of being the part of C since the offered V is less. However, if the V;
of V; is lower (V; = 40 km/h) than the V (V¢ = 50 km/h), then it may be desirable in
certain ways for V; to be the part of the coalition as it can reach the destination quickly.
Given this, it is also important for V; to consider fuel consumption and maintain safe
and optimal driving conditions.

Overlapping Route—The overlapping route & refers to the route of length L, that the

V; and the coalition C can travel along towards the same direction dir, by following the
same path at the same time. In order to travel safely and efficiently in C, all vehicles
need to be synchronized and follow the same path.

To compute the é), the V; leverages a variety of sensors and communication tech-

nologies to collect and transmit information such as speed V, location L;(x, y), and the
travel path P; with neighboring vehicles NV or the coalition C if it is already formed.
The intended travel path P; of V; and the path P, of C are shared with each other, and
similarities between the two paths are used to compute the L, of the road where their
routes overlap.

In urban scenarios, the overlapping route VN may only be a short distance before the
vehicles diverge onto different paths. However, in highway scenarios, the overlapping

Or s e . . .
route <= may cover a significant portion of the journey given the 7_ —{}i and other factors.

3.3.2. Gain Function

The gain function is a pivotal component that plays a crucial role in determining the

benefits that a V; can achieve while traveling in C. In this research, we design and model the
gain function by considering four all-comprehensive benefits as discussed in Equation (10).

G=CuFC+ouS+&GuRC+eGUuTT (10)
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where ¢ is the weighting coefficient that captures the sensitivity of each component and
their sum is set to 1:

=

(¢i) =1 (11)

1

i

The gain function G is further decomposed into four components:

FC: calculates the fuel consumption of V; traveling alone and in a coalition.

S: calculates the safety of V; traveling alone and in a coalition.

RC: computes the ride comfort of V; traveling alone and in a coalition.

T'T: computes the travel time to destination of V; traveling alone and in a coalition.

Ll

Furthermore, we introduce the y user preference indicator function in Equation (12)
which allows the user to have flexibility in choosing any subset or all of the gain components
in the proposed gain function. This function acts as an indicator of the user’s preferences
and determines which components should be included in the calculation of the gain.

_ [1  if parameter is chosen
w= {0 Otherwise (12)

In what follows next, we discuss each component of the gain function in detail:

*  Fuel Consumption: One of the main motivations for traveling in a coalition is saving a
significant amount of fuel. Traveling in a C can be more fuel efficient than traveling
alone, especially for long journeys. This is due to the reduction in aerodynamic drag,
which is one of the primary causes of fuel consumption at high speeds.

A vehicle traveling alone creates a disturbance in the air around it, which results in
a pressure difference between the front and the rear of the vehicle. This pressure
difference causes aerodynamic drag force which opposes the forward motion of the
vehicle. The magnitude of this drag force increases with the square of the vehicle’s
speed V. Therefore, the faster a vehicle travels, the greater the aerodynamic drag
force becomes.

In contrast, when vehicles travel in a C, the lead vehicle breaks through the air, creating
a low-pressure zone behind it. The subsequent vehicles in the C follow in the low-
pressure zone, which reduces their aerodynamic drag. As a result, the following
vehicles require less fuel to maintain their speed than if they were traveling alone.
Several fuel consumption models have been studied in the literature to compute the
fuel consumption of a vehicle such as the VI-micro model [17], MEF model [18], and
ARRB model. In this research, we leverage a physics-based model to compute the
fuel consumption of a vehicle traveling alone and in a C. This model simulates the
operation of a vehicle under different driving conditions, taking into account the
effects of engine efficiency, aerodynamics, and road conditions. It relies on physics-
based equations to calculate the forces acting on the vehicle and the resulting fuel
consumption. We also model the aerodynamic drag component based on inter-vehicle
distance ¢ and its effect on fuel consumption which is important in computing the fuel
consumption of a coalition.

1. Fuel consumption of a vehicle traveling alone—The steps to compute the fuel consump-
tion of a vehicle V; traveling alone over distance D are discussed below in detail:

- Force due to air resistance The air resistance force is calculated using the drag coeffi-
cient CD4, frontal area 4, air density p”, and speed of the vehicle V. The equation
used to compute the air resistance force F4, is shown in Equation (13).

Pﬁr:%xPAxAchAxvz (13)

The CD# and A vehicle-specific parameters affect the aerodynamic drag on the
vehicle. The p# is determined by the temperature, pressure, and humidity of the
surrounding air.
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Force due to rolling resistance: The rolling resistance force Ff{‘all is calculated using
the rolling resistance coefficient C;q, the mass of the vehicle m, and acceleration
due to gravity g. The equation used to calculate the rolling resistance force is
discussed in Equation (14).

Fion = Cft xmx g (14)

Total force: The total force acting on the vehicle V; is the sum of the air resistance
force F4. and the rolling resistance force F4. . The equation used to calculate the
total force is discussed in Equation (15).

A A | pA
Frotar = Far + Fron (15)

Power output of the engine: The power output of the engine P2 of a vehicle trav-
eling alone is calculated by multiplying the total force F4, by the speed V of
the vehicle V;. The equation used to calculate the power output is shown in
Equation (16).

14
3.6

Fuel consumption rate: The fuel consumption rate FC/ is calculated by dividing
the P by the product of the V, efficiency E, and lower heating value LHV of the
fuel. The equation used to calculate the FC/! is given in Equation (17).

P4 = F4, % (16)

Py

A _
FG = (VXEXLHV)

(17)

The efficiency E of the engine is the ratio of the useful output P to the energy
input (fuel energy). The LHV of the fuel is the amount of energy released when
the fuel is completely burned.
Total fuel consumption: Finally, the total fuel consumption FCZ, , of vehicle V;
traveling alone for a distance of D kilometers is calculated by multiplying the FC/!
by the time ¢ traveled. The equation used to calculate the total fuel consumption
is given in Equation (18):

FCA,,, = FCA x t (18)

2. Fuel consumption of a vehicle traveling in a coalition—The steps to compute the
fuel consumption of V; traveling in a coalition C of N/’ vehicles over distance D are
discussed below in detail.

Force due to air resistance: The air resistance force of a vehicle traveling in a C is
calculated using Equation (19) where V[i]? is the speed V of the i — th vehicle V;
in the C.

F§, = % x p¢ x A x CD¢ x V[i]? (19)

Force due to rolling resistance: The rolling resistance force Fg o] 18 calculated using
Equation (20) where m is the mass of the i — th vehicle in the C.

Fiy=C xmxg (20)

Total force: The total force acting on the i — th vehicle V; is calculated using
Equation (21).
¢, =FS +r¢ (21)
Total,i Ar Roll

Power output of the engine: The power output of the engine P¢ for each vehicle
V; in the coalition C is calculated. If the V; is the leading vehicle, then the power
output is calculated as shown in Equation (22).
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i
3.6
If the vehicle V; is not the leading vehicle, then the power output P F of the
following vehicle is calculated as Equation (23).

C C
Po,L = FTotal,i X (22)

C U o
Frotar; % (Vi = Viza x vifv,v,l)

Por = 3.6

(23)

where the parameters are as follows:

PCP is the power output of the i-th following vehicle in the C.

F(T"O tal i : is the total force acting on the i-th following vehicle, which is the sum of
the forces due to air resistance and rolling resistance.

Vi: is the speed of the i-th vehicle.

Vi_1 is the speed of the leading vehicle.

d is the inter-vehicle distance between the i-th and (i — 1)-th vehicle.

- Fuel consumption rate: The fuel consumption rate FC¢ calculates the fuel consump-

tion rate of each vehicle traveling in the C by dividing the Pg r by the product of
the Vi], efficiency E, and LHV of the fuel. The equation used to calculate the
F Cf is given in Equation (24).

(24)

- Fuel consumption of each vehicle in the coalition: Equation (25) calculates the fuel

consumed by each vehicle in the C.

FCCi] = FCC[i] x t[i] (25)

- Total fuel consumption of coalition: Finally, the total fuel consumption F ng 1q Of all

the vehicles in the C for a distance of D kilometers is calculated by multiplying
the FCC by the time ¢ traveled. The equation used to calculate the total fuel
consumption is given in Equation (26):

N
totul 2 FCC X t (26)

Safety—In this research, we model the safety of the vehicle as the time-to-collision
metric. Time to collision (TTC) is a widely used safety indicator in autonomous driving
to evaluate the risk of a rear-end crash in real time and assess the safety of AVs by
allowing the system to predict and avoid collisions.

The TTC of a V; at time ¢ is a measure of the time it will take for a V; to collide with
another object, such as another vehicle, pedestrian, or obstacle if the current speeds
and trajectories of the vehicles are maintained. In particular, the TTC indicates how
much time a vehicle has to react and take evasive action to avoid a collision.

In what follows next, we discuss the computation of TTC of a vehicle traveling alone
and traveling in a C in detail.

1. Safety of a vehicle traveling alone—The TTC of a vehicle at time () traveling alone is
computed as shown in Equation (27).

Xn-1(t) — Xu(t) — Lo
Vn(t) - Vn—l(t)

TTCH(t) = Y Va(t) > Vg 27)
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where X,,_1(t) — X,, are the positions of vehicle n and vehicle n — 1 at time ¢, respec-
tively; the V,(t) — V;,,_1(t) are the speeds of vehicle n and vehicle n — 1 at time ¢,
respectively; and the L, is the length of the vehicle. The condition V V,(t) > V;,_4
states that Vj,(t) must be greater than V,,_1(t), which ensures that the TTC is only cal-
culated when the preceding vehicle is moving slower than vehicle n. If the preceding
vehicle is moving faster than vehicle 7, the TTC would be negative, which does not
make sense in the context of collision avoidance.

2. Safety of a vehicle traveling in a coalition—The TTC of a vehicle traveling in a C is
calculated similarly as calculated for the vehicle traveling alone. However, there are
additional factors to consider, such as the inter-vehicle spacing J between the vehicles
in the coalition and the speeds at which the vehicles are traveling. The TTC of a vehicle
n at time t traveling in a coalition C is calculated as shown in Equation (28).

_ Xi(t) = Xy (t) — Lo
VL(t) - Vnth(t)

where the TTCC (t) calculates the TTC of 1 — th vehicle in the C at time £, X} (t) — X, (t)
is the headway which is the distance between the front of the n*’* vehicle in the C and
the rear of the lead vehicle X (t) at time ¢, V() — V,,4,(t) is the speeds of lead vehicle
Vi (t) and n'" vehicle at time t, and L, is the length of the n — th vehicle.

Traveling in a C can improve the TTC of a vehicle by reducing the § and maintaining a
constant speed, which decreases the chance of abrupt braking or acceleration. Contrar-
ily, a vehicle traveling alone has to maintain a safe distance from the preceding vehicle
to avoid collisions. However, this safe distance increases the gap between vehicles,
which increases the TTC and reduces the traffic flow.

TTCC (1) (28)

Remark 1. A low TTC value indicates a higher risk of traffic crashes. To evaluate the safety
of a vehicle, it is necessary to set a TTC threshold. Studies have recommended different TTC
thresholds ranging from 1.5 to 5 s. However, Zhu et al. [19], experimented that a TTC threshold
of 4 s is considered suitable for achieving good overall performance.

Ride Comfort—It is an important factor to consider which refers to the overall smooth-
ness and quality of the ride experience for passengers. One of the key factors that
influence ride comfort is the jerk of the vehicle.

Jerk refers to the sharpness or abruptness of the vehicle’s movements. When a vehicle
undergoes sudden changes in acceleration, such as when it accelerates rapidly or
comes to a sudden stop, the jerk is high. Research studies have shown that the level of
discomfort experienced by passengers is directly related to the magnitude of the jerk.
The higher the acceleration and jerk, the greater the discomfort. This is because sudden
changes in velocity can cause the body to experience forces that are not expected,
leading to discomfort.

In what follows next, we discuss the ride comfort of a vehicle traveling alone and
traveling in a coalition in detail.

1. Ride comfort of a vehicle traveling alone—The jerk of a vehicle V) is the rate of change in
its acceleration with respect to time. It is the third derivative of the vehicle’s position
with respect to time. Mathematically, the jerk is defined as:

i) = =3 (29)

where jA (t) is the jerk; a(t) is the acceleration; % is the rate of change in acceleration
d3a(t)

s
the j4(t), we use the numerical differentiation methods, such as the gradient function
in NumPy [20], to approximate the derivative of the a with respect to time t.

over t and

is the third derivative of acceleration a with respect to ¢. To calculate
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2. Ride comfort of a vehicle traveling in a coalition—Generally, traveling in a coalition
reduces the jerk and improves the smoothness of driving, as the vehicles are coordi-
nated to move in a more synchronized manner. By following the lead vehicle closely
and adjusting its speed and distance, the following vehicles can avoid sudden changes
in acceleration or braking, which would result in higher jerks. However, there may
still be some jerk present in the coalition, especially if there are abrupt changes in the
lead vehicle’s speed. The level of jerk depends on the driving patterns and behavior
of the lead vehicle.

The steps to compute the jerk j¢(t) of a vehicle traveling in a C are discussed below:

- Compute the acceleration of the vehicle a(t) lead vehicle a;.,4(t), respectively.
- Calculate the relative acceleration a,,(t) of the vehicle V; with respect to the lead
vehicle using Equation (30).

arel (t) = a(t) — a1eqa(t) (30)
- Calculate the jerk of the relative acceleration using Equation (31).

. da,,
]rel(t) = dt3l (31)

where % is the rate of change in the relative acceleration over time (t).

- Calculate the total jerk of the vehicle V; traveling in a C by adding the jerk of the
relative acceleration to the jerk of the lead vehicle’s acceleration as presented in
Equation (32).

3
Jerk (1) = ferkeg (8 + - end ©2)

Remark 2. It is noteworthy that we assume that the acceleration data is continuous and

differentiable. A high value of jerk indicates that acceleration a is changing rapidly, which can

be uncomfortable for passengers. Therefore, the higher the acceleration and the jerk the greater
the discomfort. Furthermore, the positive value of jerk means acceleration increases over time
and the negative value of jerk is when the acceleration decreases over time.

Travel Time—Traveling in a coalition C can be highly beneficial rather than traveling
alone, as it can significantly reduce the time it takes to reach a destination 4. This
is because the inter-vehicle spacing J between the vehicles in the C can be smaller
than the spacing required for individual vehicles traveling alone on the same route.
By reducing the J between the vehicles, the C increases the flow of traffic, which
ultimately leads to a shorter travel time. As a result, the vehicles reach d more quickly
than they would have if traveling alone.
In what follows next, we discuss the computation of the traveling time of a vehicle
traveling alone and traveling ina C.
1. Travel time of a vehicle traveling alone—The estimated travel time of a vehicle to reach
d traveling alone is calculated using Equation (8).
2. Travel time of a vehicle traveling in a Coalition—The estimated travel time of a coalition
C of N vehicles to reach the destination d is calculated by considering different
parameters. The formula to compute the travel time of a coalition C is presented in
Equation (33).

(D + (N —1) x 8)

Va

where the N/ is the number of vehicles in the coalition C; J is the inter-vehicle spacing
between the vehicles in the C; V, is the average speed of the vehicles in the C; N is
the number of stops that the C may make on the way to its destination d; and the S is
the amount of time the C spends at each stop.

TS = +(NE % 8£) (33)
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The first part of Equation (33) computes the time taken to cover the distance D by the
C of N vehicles at the average speed V. The second part of the equation calculates
the additional time taken due to the stops made by the C during the journey. The J is
added between the vehicles which strongly affects the time taken for the C to reach
the d. The smaller the ¢ is, the lesser the time will be taken to reach C to d. However, it
is noteworthy that we assume the vehicles in the C maintain a constant speed and J.

3.3.3. Cost Function

The cost of joining any coalition C is represented by a mathematical function that
assigns a numerical value to it, incorporating various factors as shown in Equation (34).

Je =01 X lpcost(Xr Nlc) + 6y x Pcost (34)

The proposed cost function is decomposed into two components:

1. 01 X Peost (X, Nic): the lane switching cost function which captures the cost that V;
incurs while switching the lane(s) to join the C.
2. 0y X @cst: the coordination cost function that V; incurs to coordinate with C.

where 6 is the weighting coefficient that captures the sensitivity of each component and

their sum is set to 1. .,

Y (6) =1 (35)
i=1
The cost function plays a crucial role in calculating the utility of coalition games,
as it reflects the trade-off between the benefits of joining a coalition and the costs that
must be incurred in order to do so. Players typically seek to maximize their overall utility
by weighing the benefits of joining a coalition against the costs they must incur, and
strategically choose to join or leave different coalitions based on their assessment of these
costs and benefits.
In what follows next, we discuss each cost component in detail:

*  Lane Switching Cost—Lane switching cost {cost of V; refers to the cost incurred by
switching to a different lane L’ in order to join the coalition C. This cost is calculated
based on various factors, such as the distance, the number of lane switches, and the
risk of collisions.

We model a piecewise function to compute the cost of V; to join a C as presented
in Equation (36). The function st (x, Njc) takes in two parameters, x and Nj., and
returns a cost value based on the distance traveled and the number of lane switches.

0 if Ny =0
Peost (X, Nic) = axx+b if Ny=1 (36)
Kxx? if Ng>1

where the x represents the distance V; needs to travel to switch lanes; Nj; represents
the number of lane switches required for the V;; a, b are coefficients for the linear
component of the cost function, representing the cost per unit distance of changing
lanes; and the K is the coefficient for the quadratic component of the cost function,
representing the cost per unit distance squared of changing lanes.

We believe that incorporating the lane-switching cost into the cost function would
enable the vehicles to make more informed decisions about whether to join the C or
not considering the risk of switching lane(s).

*  Coordination Cost—The coordination cost is considered as the cost incurred by a vehicle
V; that desires to join a coalition of vehicles due to the need to coordinate its speed
with that of the coalition C. In particular, if the C is traveling at a higher speed than the
V; that desires to join, then the V; may need to increase its speed to match the speed of
the C, in order to join the coalition. This may result in additional fuel consumption and
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risk for the V;, which imposes a cost on the V;. Therefore, it is reasonable to consider
the coordinating cost in terms of the speed difference between the V; and the C.

i C
o = () x LYo~ Vi @)
cur

where the V/,, is the current speed of V; that desires to be a part of coalition and VS,
is the current speed of the C.
The value of @5t is 0 if the V; is already the member of C. This cost component
takes into account practical considerations, such as the requirement to accelerate or
decelerate to join a C, and its value depends on various factors, including the speed
difference between the current speed C and the current speed of V;. Experimentally,
we find the constant values between 0.05 and 0.1 to be adequate for A.

3.4. Constraints

Some of the constraints in terms of speed, ride comfort safety, and coalition size are
considered to travel in the coalition:

1. The constraint for coalition speed is Ve < V7'**. The value of V7"** is use-case specific
and may vary in urban and highway scenarios.

2. The constraint for ride comfort is defined as jerk% tal S jerkgb 11 (MAX).

The constraint for safety is given as TTC,C > TTC,C (min).

4. The constraint for the coalition size is defined as < #. The value of 7 varies in different

scenarios and experiments.

@

4. Analysis of the Proposed Convoy Driving Game

The outcome of a cooperative coalition game involves allocating the payoffs fairly
and finding stable coalitions. Allocating payoffs fairly refers to finding the distribution
of benefits perceived as equitable among the players. Two fairness solution concepts,
such as the Shapley value and the Nucleolus, are applied to fairly allocate the payoffs
based on players’ contributions. However, finding stable coalitions means identifying a
coalition of players who have incentives to stay together rather than defecting and forming
alternative coalitions. In this research, we analyze the stability core solution concept, which
captures stable allocations where no subgroup of players can benefit by forming their own
coalition. In what follows next, we analyze the convoy driving game of a coalition of
five players using different solution concepts. The parameter values used to model the
game are discussed in Table 2.

Table 2. Table of parameters and their values.

Input Unit Value Description
o 0.1
Vi Km/h 40-45 Current speed
Vi Km/h 45-50 Desired speed
Ve Km/h 50-55 Coalition speed
Ce 0.6-0.8 Environment complexity
0 0.35
Q) 0.65
cDA4 0.27 Drag coefficient
A (m?) 2 Frontal area
pA (kg/ m?) 1.18 Air Density
m Kg) 1200 Mass of the vehicle
E 0.35 Efficiency
LHV MJ/Kg) 45 Lower heating value
cA 0.015 Rolling resistance coefficient

cp¢ 0.23 Drag coefficient in coalition
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Table 2. Cont.

Input Unit Value Description
o (kg/m?) 1.2 Air density of vehicle in coalition
c¢ 0.01 Rolling resistance coefficient in coalition
g (m/s?) 9.8 Gravity
o Km [2,4,6,8,10] Inter-vehicle spacing
a 0.5
b 1.0
K 0.2
A 0.05-0.1
Ly m 5 Vehicle Length
Njg 0-4 Number of lane switches
N [2,4,6,8,10] Number of vehicles in the coalition

4.1. The Shapley Allocation

Equally distributing the payoff among players is not enough as it overlooks varying
contributions to the coalition. The Shapley allocation is a concept that fairly allocates
the total value generated by a coalition C of players N/ among the individual players.
The estimation of the potential payoff of all players A is crucial in determining their
decision to join the game. Calculating the Shapley values involves considering all possible
permutations of the vehicles within the coalition and evaluating the marginal contributions
of each vehicle as it joins or leaves the coalition. This process helps identify how much value
each vehicle adds to the coalition in terms of fuel savings, reduced travel time, enhanced
safety, and other benefits. The Shapley value represents the anticipated share of profits for
each player within the coalition and it is computed using Equation (38).

Definition 3 (Shapley value). The Shapley value of each player i € N in a coalitional game
G = (N, v) is represented as ¢(i) is defined as below:

CIHN =€ = 1)!

Wi (v(CU{i}) —2(C)) (38)

oli) =

CON\{i}

where, ¢(i) denotes the Shapley value for player i, v(C) represents the payoff of coalition C,

C is a coalition that does not include player i, C U {i} represents the coalition formed by

adding player i to coalition C, ) denotes the sum over all possible coalitions C that do not

contain player i, |C| denotes the number of players in coalition C, and N represents the
total number of vehicles/players in the game.

To analyze the proposed game and fairly distribute the payoffs among the players, we

model the Shapley allocation with the following axioms satisfying the fair payoff allocation:

1.  Axiom 1 (Symmetric): For two players i and j who make the same contributions to
every coalition C in a game G, their Shapley values ¢ should be equal.
o(CU{i}) = o(CU ] ¥C C N\ {i,j} = ¢(i) = ¢(j).

2. Axiom 2 (Dummy Player): It states that if a player does not contribute to any C, their
¢ (i) should be zero.
VC CN\{i} :v(CU{i}) =v(C) = ¢i(N,v) =0.

3. Axiom 3 (Additivity): It states that the ¢ of a player in a game G composed of multiple
sub-games is equal to the sum of their Shapley values in each individual sub-game.

The experimental results in Table 3 depict the utility (I/) of all the vehicles if they travel
alone (computed using Equation (1)) and the Shapley value (¢) if they travel in a coalition
C. The results demonstrate that for all the players, it is beneficial to travel in the coalition
as it increases their utilities. The higher Shapley values of the vehicles indicate a greater
contribution and influence on the coalition’s outcomes. The results show that the Shapley
values represent the individual contribution of each vehicle to the coalition’s value, where
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the contribution is measured in terms of fuel efficiency improvements, reduction in travel
time, and improved safety of a coalition. Moreover, the results state that the vehicles are
motivated to actively engage in forming and maintaining coalitions, as they expect a fair
share of the benefits generated.

Table 3. Comparison of the utility of the vehicles traveling alone and the Shapley allocation of
vehicles traveling in a coalition.

Utility of vehicles traveling alone

V1 V2 V3 V4 V5
Ul unv2) 280 %) Uv4) U(Vs)
3.0 32 4.0 3.34 3.9
Shapley allocation of vehicles traveling in a coalition
$(V1) ¢(V2) ¢(V3) $(V4) ¢(V5)
4.36 4.59 5.0 4.44 491

4.2. The Nucleolus

The Nucleolus provides a unique distribution of the worth of coalitions based on a fair-
ness criterion. Given the proposed coalitional game G defined by its characteristic function
v, the nucleolus N'u seeks an imputation x that satisfies several desirable properties. We
model the A'u aiming to find an imputation x € R that satisfies the following properties:

1. Efficiency: The imputation x must allocate the entire worth of the grand coalition
x(N) = o(N).

2. Individual Rationality: Each player i should receive at least their individual worth
x(i) > o({i}) foralli € N.

3. Coalition Rationality: For any coalition C C N, the worth allocated to C should not
exceed its worth x(C) < v(C)).

4. Balanced Deviation: The N'u minimizes the maximum dissatisfaction any player i can
have with their allocation. Formally, for any player i € N, the deviation dissatis-
faction is defined as 6;(x) = max{v(C) — x(C) | i € C € N'}. The N'u minimizes the
maximum deviation dissatisfaction such that max{d;(x)} is minimized.

To compute the Nu, the algorithm iteratively adjusted the imputation until it con-
verged. It iterates through all possible imputations, filtering out infeasible ones that violate
individual rationality and coalition rationality, and then selecting the imputation that
minimizes the maximum deviation dissatisfaction. The nucleolus allocation of each player
of the proposed collaborative driving game is presented in Table 4, where the higher N'u
of the players indicates a relatively larger share of the worth. Moreover, the comparison
of the N'u values with the utility U of the vehicles traveling alone in Table 4 also shows
that for all players, it is beneficial to travel collaboratively as they achieve more payoff than
traveling alone.

Table 4. Comparison of the utility of the vehicles traveling alone and the Nucleolus allocation of
vehicles traveling in the coalition.

Utility value of vehicles traveling alone

V1 V2 V3 V4 V5
10%)) UH2) U(V3) U(\V4) U(V5)
3.0 32 4.0 3.34 39

Nucleolus allocation of vehicles traveling in a coalition

Nu(V1) Nu(V2) Nu(V3) Nu(v4) Nu(V5)
4.36 5.0 4.33 3.89 471
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4.3. The Core

The convoy driving game represented by a characteristic function v assigns a payoff
to every possible coalition of players. A stable outcome is an allocation of payoffs where no
coalition of players is incentivized to deviate and form a sub-coalition to obtain a better
outcome. The Core Cr of a game G = (N, v) is a set of all stable outcomes, mathematically
defined as:

Cr—{x|2xizv(0) VCQ./\/} (39)
ieC

the Cr consists of all the payoff vectors x that satisfy the feasibility and individual rationality
conditions such that for every coalition C, the sum of the payoffs assigned to the players in
C is greater than or equal to the worth generated by that coalition. For convoy driving, a
stable outcome means that vehicles will stay within the same coalition C, and communicate
and cooperate with other coalition members to optimize the coalition-level objectives such
as reduced fuel consumption, travel time, and improved safety, etc.

We show that the Cr of the proposed convoy driving game is non-empty and they
form two stable coalition structures: a coalition of three players and a grand coalition V,
as presented in Table 5. The presence of a grand coalition implies that the allocation of
payoff satisfies both individual rationality and coalition stability. The core’s feasibility
and individual rationality conditions ensure that each vehicle within a coalition receives
a payoff that is at least as good as what it would obtain by forming smaller coalitions.
This encourages cooperation and discourages defection, as no subgroup of players has the
incentive to deviate and form a subgroup to obtain a better outcome. By adhering to the
stable outcomes in the core, vehicles within a coalition ensure mutual benefits and promote
the overall efficiency of the coalition. However, it is also important to note that sometimes
the core of the cooperative coalition game can be empty [14].

Table 5. Stable coalitions in the Core.

Stable Coalitions

Coalition 1 V1, V3, V4)
Coalition 2 (Grand) V1,V2,V3, V4, V5)

5. Coalition Implementation Strategies

This section discusses the implementation of different coalition formation and decision
strategies. In what follows next, we analyze each strategy with a coalition of size 5.
The parameter values are discussed in Table 2.

5.1. Traveling Mode Selection Decision-Making

The proposed scenario begins with the ego vehicle V; commencing its travel, pre-
senting a choice of whether to join a surrounding vehicle to form a coalition C (or join an
existing C) or to continue traveling alone. In what follows, we delve into the specific details
of the process we model to select an optimal traveling mode 7, for V.

We assume that the proposed algorithm is executing on all the vehicles, assisting
them to make an optimal decision. The join coalition process for the ego V; begins with
the initialization of the V;. First, the V; receives data from neighboring vehicles NV; or C
within a certain distance d, including information on speed V profiles and planned routes
R. The surrounding information is crucial for evaluating potential coalition formations. As
the V; starts operating in a dynamic environment, it may receive requests from NV; or C to
join their formations. Upon receiving a join coalition request, the V; checks if it is already a
part of any C. If so, it proceeds to compute its utility U/;,¢ (using Equation (3)) in the current
C and the utility U, of V; in the newly offered coalition C'. This computation involves
calculating the utility in terms of the Shapley value ¢(i) of V; (using Equation (38)) in C /
compared to the current one. The utility calculation is performed by comparing the ¢(7)
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of V; in C' with the ¢(i) of V; in the existing C. If the U;,¢r of V; in C' is found to be greater,
the V; disjoins the current C and decides to join C'. However, if the U;,cr of V;in C "is not
higher, the V; remains in the current C and rejects the offer.

In the other case, if the V; is not part of any C, then the controller of the V; computes the
utility U of V; traveling alone (using Equation (1)). This evaluation considers various factors
such as travel time, fuel consumption, safety, and comfort, as discussed in Section 3.3.2,
establishing a baseline utility for individual travel. Afterward, the controller calculates the
time to collate 7. of V; and the utility i/ of V; traveling in coalition C for each C surrounding
the V;. This calculation is performed to identify the C that provides the best fit in terms of
utility to V;. Finally, a comparison is made between the utility of traveling alone and the
utility of the best fit C. If the U/ of traveling alone is greater, it is more beneficial for the V; to
travel alone. However, if the U of the “best fit” C is higher, then it is preferable for V; to
travel within a C. By following this coalition formation process, the V; can make informed
decisions about whether to travel alone or in a coalition based on the utility calculations.
The proposed algorithm is presented in Algorithm 1 and the flowchart in Figure Al in
Appendix A, respectively.

5.2. Optimal Coalition Selection Decision Making

When V; enters the road, it encounters a scenario where multiple coalitions of vehicles
have already formed. The V; faces the decision of selecting the most suitable coalition to
join. In order to determine the optimal coalition, a procedure is modeled as follows:

Algorithm 1 Traveling mode selection decision making

Input :Distance d, Information of neighbouring vehicles NV;, Route R
Output: Traveling mode (alone, coalition)

V; < InitializeVehicle();

Join Coalition Request Received;

if V; is already part of a coalition C then
currentCoalition < GetCurrentCoalition();
currentUtility <— ComputeCurrentUtility();
NewUtility < ComputeNewUtility();

if NewUtility > currentUtility then
V; < JoinNewCoalition();
return "Join new coalition";

else
L return “Stay in the current coalition and reject the offer”;

else
aloneUtility <— ComputeUtilityWhenTraveling Alone(V;);
bestFitCoalition < null;
bestFitUtility <— —oo;
foreach C surrounding the V; do
coalitionUtility <— ComputeUtilityWhenTravelingInCoalition(V;,C);

if coalitionUtility > bestFitUtility then
bestFitUtility < coalitionUtility;
bestFitCoalition < C;

if aloneUtility > bestFitUtility then
L return “Travel alone”;

else
L return “Travel in the coalition”;
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The process begins with the initialization of the new vehicle V;. As V; enters the
road, it receives data from neighboring coalitions within a certain d, specifically including
information on the speed V and the planned R. This information provides valuable insights
into the behavior and intentions of the vehicles, assisting the V; in making an informed
decision about its coalition choice. To evaluate the different possibilities, all possible
combinations of coalitions of vehicles are generated Coalitions = {C | C C N,C # @}
considering various sizes from 1 to AV, where N represents the set of five vehicles in this
case, and C represents a coalition of vehicles. The condition C C N ensures thata C is a
subset of the set of vehicles, and C # @ ensures that the coalition is not empty. This step
ensures that all potential coalitions, including both smaller ones and larger, are taken into
account during the decision-making process. Each coalition represents a distinct group
of vehicles that are already present on the road. Subsequently, we randomly choose two
coalitions, referred to as C1 with players (players 0 and 2) and C2 with players (players
3 and 4), as candidates for evaluation and validation, and these two coalitions serve as
options for V; to consider joining.

The V;, which is player 1, is then added to C1, indicating its inclusion in the first
coalition under examination. Additionally, V; is also added to C2, allowing for a fair
comparison between the two coalitions. This ensures that V; has the opportunity to assess
its potential benefits and costs associated with both C1 and C2. To evaluate the utility &/
of each coalition, a utility function is computed for both coalitions, taking into account
factors such as V, D, and other relevant information. Following this, the Shapley value ¢
of V; in C1 and C2 is computed and compared to determine which coalition offers greater
utility. If the ¢ of V; in C1 is found to be greater than that in C2, it suggests that C1 provides
more substantial benefits for V;. Consequently, it is beneficial for V; to join C1; otherwise,
it is more advantageous for V; to join C2. In case of our experiments, the results show
that V; obtains a higher payoff of 0.25 from C1. The proposed algorithm is presented in
Algorithm 2 and the flowchart in Figure A2 in Appendix A, respectively.

Algorithm 2 Optimal Coalition Selection Decision Making
Input :Distance d, Set of vehicles V, Route R, coalitions C1, C2
Output: Optimal Coalition Selection
Initialize a new vehicle V;;
Add V; to C1;
Add V; to C2;

Shapleyg1 = computeShapley(C1, V;);

Shapleygé = computeShapley(C2, V;);
if Shapleygi > Shapleygé then
return Beneficial for V; to join C1;
end
else
| return Beneficial for V) to join C2;
end

5.3. Coalition Merging Decision Making

There is a possibility that many small coalitions may reduce the efficiency of the road.
Therefore, to overcome this issue, we design and model the merging coalition maneuver.
When two or multiple coalitions encounter each other on the road, a merging maneuver is
executed by merging the following coalition into the preceding one if it leads to greater
profit. For the merging process to take place, all the vehicles of the following coalition need
to change the speed to approach the preceding coalition. Furthermore, we assume that the
coalitions are present in the same lane. In what follows next, we discuss the modeling of
this scenario.
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Firstly, all possible combinations of coalitions are generated Coalitions = {C | C C
N,C # @}. This involves considering coalitions of vehicles with sizes ranging from 1 to
N. Next, any two coalitions, denoted as C1 and C2, are randomly selected from the list of
generated coalitions. The randomness in the selection ensures a fair and unbiased analysis
of different coalition pairings. Before proceeding with the evaluation, a critical check is
performed to determine the merging feasibility of C1 and C2 which involves comparing the
combined length of both coalitions with the maximum coalition size < # threshold value.
The value of 7 is taken as 5, but if the total length exceeds 7, it indicates that merging is not
viable due to size limitations and the dynamics of the urban environment. In such cases,
the algorithm promptly concludes that merging is not feasible.

Assuming the initial conditions are met, and merging is deemed feasible, in the
next step, the utility U/ of each individual coalition C1 and C2 is computed leveraging
the proposed utility function (Equation (3)). This quantitative evaluation facilitates a
comprehensive understanding of the independent benefits that each coalition brings such
as a reduction in travel time and fuel consumption. Furthermore, the algorithm calculates
the U of the merged coalition, considering the collective resources and capabilities of both
coalitions. Finally, to evaluate whether merging is beneficial, a comparison is made between
the merged utility M,, and the total utility of all possible coalitions with the same size as
C1 and C2. In this case, the coalition game is said to be Superadditive.

Definition 4 (Superadditive Game). If for any two coalitions C1 and C2 such that C1 U C2 C
N, the condition Equation (40) holds which states that the merged utility My, of the coalition
formed by merging C1 and C2 is at least as large as the sum of their individual utilities.

[C1NC2 = @] = My(C1UC2) > U(CL) +U(C2) (40)

Therefore if the M, is greater than or equal to the total utility of all possible coalitions,
the algorithm concludes that merging is beneficial. In the case of our experiment, the results
showed that merging is beneficial. On the other hand, if the M, falls below the total
utility, it is deemed that merging would not yield significant benefits. Once the merging is
completed, the structure of the coalition is updated and it is shared with all the members of
the C. The proposed algorithm for the merging coalition is presented in Algorithm 3 and
the flowchart in Figure A3 in Appendix A, respectively.

Algorithm 3 Coalition Merging Algorithm

Input :N, Vehicles in the coalition N/
Output:Merging Coalitions Decision Making
Generate all possible coalitions of vehicles of size 1 to N and store them in a list;
Input: Coalition C1 and C2;
if length(C1) + length(C2) < 5 then
Calculate the U of C1 and C2;
Calculate the U of the merged coalition;
if My, > total utility of all possible coalitions of size |C1| and |C2| then
‘ Merging is beneficial;
end
else
| Merging is not beneficial;
end
end
else
| Merging is not possible;
end
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6. Numerical Experiments

This section presents the numerical results obtained from a comprehensive set of
experiments conducted to evaluate and validate the performance of the proposed work and
assess the benefits of forming a coalition. The experiments are carried out by simulating
a scenario of a four-lane road segment in a complex urban environment, where the level
of complexity of the environment is between 0.6 and 0.8, with each vehicle traveling
individually at a speed of 40 km /h and desired speed of 4045 km/h.

To investigate the benefits of coalition travel, we form a coalition, denoted as C,
comprising five vehicles. These vehicles maintain an inter-vehicle distance of 2 m and
travel at speeds ranging from 50 to 55 km/h. In what follows next, the analysis begins by
examining the characteristics of the aggregated utility for the ego vehicle V;, which provides
insights into the perceived benefits derived by the individual vehicle. Subsequently, we
evaluate the individual objective outcomes resulting from traveling within the coalition.

Furthermore, to validate the proposed approach, we compare the benefits of the ego
vehicle traveling alone with the benefits of traveling within the coalition. By conducting
these comparative analyses, we effectively quantify the benefits of collaborative driving.
The specific parameters used in the simulation, along with their respective values, are
provided in Table 2, offering a comprehensive reference for the experimental setup.

6.1. Utility of Traveling in Coalition

A coalition of five vehicles is formed to investigate and validate the effectiveness of
the proposed utility functions for autonomous vehicles introduced in Section 3.3. Figure 3
represents the aggregated impact of all the parameters on the utility of coalition formation
in an urban scenario. The exponential utility graph depicts the relationship between the
duration of collaboration of a vehicle in the coalition and the corresponding utility derived
from being part of a coalition C.

The x-axis of the graph represents the time to collate 7., which encompasses the coop-
erative period where the vehicle collaborates to achieve common goals, such as improved
safety, reduced fuel consumption, and other objectives. However, the y-axis represents
the utility value associated with 7. The utility i is a quantitative measure of the benefits
obtained by vehicles by traveling in a coalition. The utility is calculated based on the time to
collate, gain function, and cost function (see Equation (3)). A higher utility value indicates a
greater perceived benefit for the vehicle involved. Inspired by the globally recognized mean
opinion score, we normalize the utility value and span its values between the interval [1, 5].
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Figure 3. Relationship between time to collate and utility of forming a coalition.

The graph shows that as the time to collate increases, the utility value also tends to
increase. This demonstrates that vehicles experience increasing benefits as they spend more
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time in the coalition. The result also shows some variability in the utility values for different
times to collate values. This indicates that there are other factors influencing the utility
values, beyond just the time to collate. These factors are related to the specific coalition
configuration, such as the speeds of the coalition, overlapping route, inter-vehicle distance,
coalition size, or other parameters. Therefore, the result suggests that there is a positive
correlation between the time to collate and the utility values, but other factors may also
play a role in determining the overall desirability of a coalition configuration.

In what follows next, to understand how the different values of different parameters
impact the utility function, some of the examples are presented.

Figure 4 represents that the utility value tends to increase as the overlapping route
increases. This suggests that as the overlapping route, which represents the length of the
route the V; and the coalition C can travel along towards the same direction by following
the same path at the same time, becomes larger, the utility of the coalition increases.
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Figure 4. Impact of the overlapping route on the utility.

Figure 5 depicts the impact of different coalition speeds on the utility. The graph shows
a decreasing trend in utility as the coalition speed increases. This relationship suggests that
there is an optimal speed of 40-45 km/h in the urban environment at which the coalition
operates with the highest utility.
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Figure 5. Impact of coalition speed on the utility.
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6.2. Travel Time

To investigate the impact of traveling alone versus traveling in a coalition on travel
time, we conducted a comprehensive analysis using a simulated distance of 50 km. The
speeds of the vehicles varied from 40 km/h to 80 km/h, with increments of 5 km/h to cap-
ture a wide range of scenarios and evaluate the performance across different speed levels.

The results presented in Figures 6 and 7 provide valuable insights into the travel times
of vehicles in different scenarios: traveling alone and traveling in a coalition. The analysis
aims to evaluate the benefits of forming coalitions and examine the impact of coalition size
and inter-vehicle spacing on travel times.

Travel Alone vs. Coalition Size
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Figure 6. Comparison of travel time of a vehicle traveling alone and traveling in a coalition of
different sizes.

Coalition Travel Time with Different Spacings

Q. --@- Spacing = 2m
» . Spacing = 4m
1.4 v"‘. V-- Spacing = 6m
E - Spacing = 8m
® 9 Spacing = 10m
—1.2
L.
)
£
'_
©
g 10
'_
0.8

40 45 50 55 60 65 70 75 80
Speed [Km/hr]

Figure 7. Impact of different inter-vehicle spacing on coalition travel time.

Figure 6 illustrates the comparison between travel times for solo travel and coalition
travel with varying coalition sizes. It can be observed that as the average speed increases,
the travel time decreases for both solo travel and coalition travel. However, traveling in a
coalition demonstrates a noticeable advantage over traveling alone, especially when the
average speed is relatively high. This suggests that forming coalitions can significantly
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reduce travel times and improve overall efficiency. Furthermore, the results demonstrate
the influence of coalition size on travel times. As the number of vehicles in the coalition
increases, the travel time decreases due to reduced inter-vehicle spacing. This reduction in
spacing allows vehicles to maintain higher average speeds and, consequently, complete the
given distance in a shorter time. Notably, the benefits of traveling in a coalition diminish
beyond a certain coalition size, indicating a potential trade-off between coalition size
and travel time reduction. This finding suggests that carefully considering the optimal
coalition size is crucial to maximizing the benefits of traveling in a coalition. Therefore, we
conclude that traveling in a coalition is more time-efficient for coalition sizes of two to four
considering the limitations of an urban environment.

Figure 7 depicts the impact of inter-vehicle spacing J on coalition travel times. It is
evident that as the spacing between vehicles increases, the travel time also increases.
This relationship is attributed to the increased separation between vehicles, resulting
in reduced aerodynamic benefits and decreased efficiency. Therefore, maintaining an
appropriate inter-vehicle spacing of less than 4 s is optimal to achieve the maximum
benefits of coalition travel.

Overall, the travel time results showcase the advantages of traveling in a coalition
compared to traveling alone, emphasizing the potential for significant reductions in travel
times. It highlights the importance of considering factors such as average speed, coalition
size, and inter-vehicle spacing when assessing the benefits of coalition travel. These findings
contribute to the understanding of collaborative autonomous driving and provide valuable
insights for optimizing travel efficiency in complex urban environments.

6.3. Fuel Consumption

This set of experiments is carried out to investigate the relationship between speed
and fuel consumption in two scenarios: traveling alone and traveling in a coalition.

In Figure 8, in the case of traveling alone, it is observed that fuel consumption increases
steadily as speed increases. This observation is also aligned with the literature that higher
speeds result in increased air resistance, requiring more engine power to overcome it.
Consequently, the fuel consumption rate rises, indicating that vehicles traveling alone
consume more fuel at higher speeds. On the other hand, the coalition scenario presents an
interesting finding. The results demonstrate that at lower vehicle speeds, the average fuel
consumption per vehicle (L/h) decreases as the inter-vehicle distance and speed differences
are optimized. This reduction in fuel consumption is attributed to the concept of drafting
or slip-streaming which leads to improved fuel efficiency and lower fuel consumption
rates for the vehicles in the coalition. However, it is also noticed that as the vehicle speed
increases, the average fuel consumption per vehicle in the coalition starts to deviate from
the initial decreasing trend. This change is attributed to the diminishing benefits of drafting
at higher speeds. At higher velocities, the increased aerodynamic drag faced by both the
lead and trailing vehicles offset the potential gains from drafting. Consequently, the average
fuel consumption per vehicle begins to increase, although still at a significantly lower rate
compared to the traveling alone scenario. The comparison between the two scenarios
clearly highlights the benefits of convoy driving in terms of fuel efficiency. When vehicles
travel in a coalition with optimized inter-vehicle distances and speed differences, fuel
consumption can be significantly reduced compared to the case when vehicles travel alone.

In another set of experiments (Figure 9), we analyze the relationship between vehicle
speed and the average fuel consumption per vehicle in a coalition under different inter-
vehicle distances (2, 4, 6, 8, 10 m) and coalition sizes (2, 4, 6, 8, 10 vehicles). The first finding
of this experiment is that as the vehicle speed increases, the average fuel consumption per
vehicle generally increases. This relationship is observed consistently across all inter-vehicle
distances and coalition sizes leading to higher fuel consumption. Secondly, it reveals a
notable trend where the average fuel consumption per vehicle increases with increasing
inter-vehicle distances to 6, 8, and 10 m. This finding is attributed to the increased air
resistance as vehicles are spaced farther apart. When the inter-vehicle distance is larger,
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the airflow between the vehicles becomes less streamlined, resulting in higher resistance
and subsequently higher fuel consumption. Furthermore, this finding is also aligned
with the recent work by Kaluva et al. [5]. Additionally, the result demonstrates that the
number of vehicles in the coalition has an impact on fuel consumption. As the number
of vehicles increases, the average fuel consumption per vehicle tends to decrease. This
effect is attributed to the reduced air resistance experienced by the trailing vehicles due to
the drafting effect. Therefore, we conclude that traveling in a coalition is more beneficial
for coalition sizes greater than two vehicles and at inter-vehicle distances less than 4 m.
The results of this research suggest that finding the right balance between inter-vehicle
distance and vehicle count is crucial for achieving an energy-efficient coalition.
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Figure 8. Comparison of fuel consumption of a vehicle traveling alone and traveling in a coalition.
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Smart Cities 2023, 6 2477

6.4. Safety

As modeled in Section 3.3.2 we translate the safety of a vehicle into a well-known
evaluation measure, time to collision (TTC). Figure 10 depicts the TTC values for two
scenarios: a vehicle traveling alone and a vehicle traveling in a coalition. The simulation
is performed over several iterations, and the TTC values are generated for each scenario
using different input parameters for each scenario. As per the literature, there is no definite
value for the TTC threshold to enable discrimination between safe and unsafe car-following
situations [21]. According to a recent study, the threshold TTC varies from 1 to 3 s [22].
Therefore, in this research, we conducted different experiments and provide the categoriza-
tion of the TTC values into different ranges.

The result in Figure 10 incorporates color-filled regions to indicate different ranges of
TTC. The critical range, highlighted in red, represents TTC values below a threshold, indi-
cating potential danger and a need for immediate action to avoid the collision. The warning
range between 1 and 2 s, indicated by the blue, signifies TTC values within a cautionary
zone, warranting increased awareness and vigilance. The safe range from 2 to 4 s, denoted
by the yellow color, encompasses TTC values considered safe for regular travel. Finally,
the highly safe range from 4 to 7 s, depicted in green, indicates TTC values that exceed the
safety threshold, indicating a highly safe condition.

It can be clearly observed from the results that the TTC values for the vehicle traveling
alone are mostly between 2 and 3 s; however, in a few iterations, they are in the warning
zone, which shows that traveling alone may result in reduced TTC due to the complexity
of the urban environment. When traveling alone, there is a lack of coordination with other
vehicles, which may also lead to variations in speed and increased uncertainty, resulting
in shorter TTC values. In contrast, it can be seen that traveling in a coalition enhanced
safety due to small inter-vehicle spacings. The majority of the TTC values fall in the highly
safe range from 4 to 6 s, and at some of the points, the value falls to 7 s. In conclusion,
the comparison between the two scenarios clearly demonstrates the potential benefits of
traveling in a coalition, as it leads to higher TTC values and a reduced risk of collisions.
This shows that collaborative driving help maintains a safe and consistent speed among

vehicles.
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Figure 10. Comparison of TTC of a vehicle traveling alone and traveling in a coalition.

6.5. Comfort

As discussed in Section 3.3.2, we translate the comfort of a vehicle into a jerk to
evaluate the smoothness of the driving. In this experiment, we investigate the jerk profiles
over time for both scenarios. Figure 11 illustrates the rate of change in acceleration and
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provides insights into how the acceleration of a vehicle is changing. A positive jerk value
means the vehicle accelerates, whereas a negative jerk value represents deceleration.

In the case of traveling alone, represented by the gray line, the vehicle experiences
high jerk values from time 0 s to 200 s, which is modeled as a congested segment of the
road. The fluctuations in jerk for the vehicle traveling alone indicate irregular driving
conditions and external factors, such as traffic jams in the urban environment affecting the
vehicle’s acceleration. However, it is also observed that at certain points, the jerk has a
value of zero. These periods of zero jerk indicate times when the traffic is regular and the
vehicle maintains a steady velocity without abrupt changes in acceleration. In contrast, the
purple line represents the jerk profile of a vehicle traveling in a coalition. Initially, it follows
a similar pattern to the vehicle traveling alone but with some differences. The coalition
vehicle also experiences high jerk values from time 0 to 200 s, indicating instances where
the vehicle in the coalition undergoes rapid changes in acceleration, potentially due to the
dynamics of congested road segments and maintaining a specific formation. However, it is
worth noting that the magnitude of the jerk in this coalition scenario is significantly lower
compared to the first scenario. Furthermore, from time 200 s to 370 s, a period of smooth
driving can be observed. These results highlight the potential benefits of traveling in a
coalition, such as achieving smoother accelerations and reducing discomfort.
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Figure 11. Comparison of the jerk of a vehicle traveling alone and traveling in a coalition.

7. Conclusions

The coalitional game framework is a promising approach to model convoy driving in
an urban environment. In this research, we investigated how vehicles can decide when it
is beneficial for them to travel alone or in a coalition of vehicles. In connection with this,
we studied how collaboration among vehicles can be realized to achieve the benefits of
autonomous driving such as reduced fuel consumption, travel time, enhanced safety, and
ride comfort. We modeled convoy driving as a coalition game and designed novel utility
functions comprised of different components. Multiple solution concepts, such as Shapley
allocation, the Nucleolus, and the Core, were implemented which allocated the payoff
fairly to all members and identified the stable coalitions. In addition to this, we modeled
and implemented several coalition formation strategies such as traveling mode selection,
selecting optimal coalitions, and making decisions about coalition merging to analyze the
behavior of the vehicles. Subsequently, we carried out extensive numerical experiments
to validate the proposed approach. Experiments of different settings were conducted
such as comparing travel time, fuel consumption, safety, and ride comfort of a vehicle
traveling alone and in a coalition. The results showed that traveling in a coalition was
way more beneficial than traveling alone and that autonomous vehicles should collaborate
in an urban environment. We also drew a conclusion that convoy driving in coalitions
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of two to four vehicles with an inter-vehicle distance of 4 m can achieve the maximum
benefits considering the dynamics of an urban environment. The results show that at lower
vehicle speeds, the average fuel consumption per vehicle (L/h) in the coalition decreases
as the inter-vehicle spacing and speed differences are optimized. Furthermore, in terms
of the safety of the coalition, it is clearly seen from the results that the majority of the
TTC values fall in the highly safe range from 4 to 6 s, and in some iterations, the value
falls to 7 s. Although the proposed work is modeled and implemented specifically for
an urban environment, it is applicable to any environment and road segment with slight
modifications. The limitation of this research is that we could not study the complexity
analysis of the proposed work which we plan to carry out in the extended version of
this research. To conclude, some of the future directions of this research are as follows:
(i) investigate the dynamic coalitional game to study the rapidly evolving dynamics of the
coalitions and the environment such as the number of vehicles, traffic congestion, presence
of sudden pedestrians, vulnerable road users, etc; (ii) investigate the impact of vehicle-
to-infrastructure communication technologies in realizing the convoy driving; (iii) study
the impact of convoy driving on environmental benefits such as emission reduction (CO,,
NO,) and enhanced road capacity.
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Notations

List of notations and their definitions:

Vi Autonomous ego vehicle capable of sensing, communicating and coordinating
Tm Traveling mode of V;

T Time to collate

Ce Complexity of the environment

Ce Complexity of the static elements

Cop Complexity of the dynamic elements

0 Weighting coefficient of static element

Q) Weighting coefficient of dynamic element

Tj‘ 9 Estimated time for V; to reach destination alone

Li(x,y) Current location of the vehicle V; or C

d Destination of V; or C

D Distance that V; or C needs to cover

N Number of stops that the V;may make on the way to its destination
S Amount of time the V; spends at each stop

C Coalition of vehicles

7'_‘; d Estimated time for C to reach destination

N Total number of vehicles

N’ Number of vehicles in C

0 Inter-vehicle spacing between the vehicles in the C

Va Average speed of the vehicles in the C

N¢ Number of stops that the C may make on the way to its destination
Stc Amount of time the C spends at each stop

AVyif Speed difference between the speed of V; and the speed offered by C

Vi Desired speed of V;
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Ve
V&min
V_smax

0,
<

L,

p;

NV

P

w1, W2, W3, Wy

Speed offered by the coalition C
Minimum speed limit of V;
Maximum speed limit of V;

Overlapping route between V; and C

Length of road

Traveling path of V;

Neighboring vehicles

Traveling path of C

Weighting coefficients of 7,

Lane switching cost

If V; switches from current lane to other lane

Distance V; needs to travel to switch lane(s)

Number of lane switches required for the V;

Coefficients for the linear component of the lane switch cost function
Coefficient for the quadratic component of the lane switch cost function
Coordination cost

Current speed of V;

Current speed of the C

Calculates the TTC of a vehicle n traveling alone at time ¢
Calculates the TTC of a vehicle n traveling a coalition C at time ¢
Length of the vehicle

Drag coefficient of V; traveling alone

Vehicle front area

Air density of V; traveling alone

Air resistance force of V; traveling alone

Rolling resistance force of V; traveling alone

Rolling resistance coefficient of V; traveling alone

Mass of the vehicle

Acceleration due to gravity

Power output engine of V; traveling alone

Efficiency of the engine

Fuel consumption rate of V; traveling alone

Total fuel consumption of V; traveling alone

Drag coefficient of a vehicle traveling in C

Air density of a vehicle traveling in C

Air resistance force of a vehicle traveling in C

Rolling resistance force of a vehicle traveling in C

Rolling resistance coefficient of a vehicle traveling in C
Power output engine of the leading vehicle traveling in C
Power output engine of the following vehicle traveling in C
Fuel consumption rate of each vehicle traveling in C
Total fuel consumption of all the vehicle traveling in C
Acceleration of the vehicle

Jerk of a vehicle traveling alone

Jerk of a vehicle traveling in a a coalition

Weighting coefficients of cost function

New Coalition

Utility

Utility of vehicle i traveling alone

Utility of vehicle i traveling in coalition C

Shapley value

Core of the game G

Nucleolus

Merged utility of the coalitions
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Appendix A
Table Al. Explanation of categories of Complexity of Environment with their characteristics
and examples.
Category of C; Characteristics Example

Extremely Complex

Highly unpredictable and dynamic environment
that requires a high level of perception,
interpretation, and decision-making capabilities.

A busy downtown area with heavy traffic,
pedestrians, bicycles, and unpredictable weather
conditions.

The dynamic environment with occasional

Highway, or a suburban area with moderate traffic,

More Complex . multiple intersections, roundabouts, and different
unpredictable events. r
road surface conditions.

A relatively stable environment that requires basic A rural area with low traffic volume, straight roads,
Average . - . I . it

perception and decision-making capabilities. and predictable weather conditions.

A highly predictable and stable environment that ) ) o ]
Simple requires minimal perception and A parking lot with few obstacles and minimal traffic.

decision-making capabilities.

Initialize new vehicle V;

Receive Join coalition
announcement

Is V; already part of a

coalition ?

Evaluate the
of new coalition

|

Is utility of offered
Coalition is > than the utility
of current

Travelling in coalition

is beneficial

Compute the utility of V;
traveling alone

Compute the utility of
V; travelling in a coalition

Stay in the same one ? Compare the utility of V;
coalition and reject Join new coalition traveling alone and
the offer travelling in a coalition

Is utility of travelling alone
is > than the utility of travelling
in coalition?

Travelling alone is
beneficial

Figure A1. Flowchart of traveling mode selection decision making.
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Generate all possible
coalitions of vehicles of sizes
1to N

Input two coalitions
(C1 & C2 ) or more that are
already formed on the road

Initialize new vehicle V;

Add V; to both coalitions

Compute the Utility of both
coalitions C1 and C2

Compute the Shapley values
of V; in both coalitions C1 and
C2

Is Shapley value of V; in
Cl >thanC2?

Beneficial for V; to
join C2

Beneficial for V; to
joinC1

Figure A2. Flowchart of optimal coalition selection decision making.

Generate all possible
coalitions of vehicles of sizes
1to N

Input two coalitions
(C1 & C2) or more that desire
to merg

Sum of the length
of the merging
Coalitions < 7 ?

Compute the time to collate
and coalition joining cost for
each coalition

each individual coalition

12
Calculate the Utility of the
merged coalition

Merging is
not possible

Merged Gain is > to the total
Gain of all possible coalitions of
sizeof C1&C27?
Merging is not
beneficial

Merging is
beneficial

Figure A3. Flowchart of coalition merging decision.
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