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Abstract. Our streets will be soon populated by multitudes of self-
driving vehicles, calling for appropriate solutions to coordinate their col-
lective movements in order to ensure safety and efficiency. In this paper,
after introducing the general issues associated to coordination of self-
driving vehicles, we show that a key engineering issue is identifying the
most suitable degree of autonomy in decision making that should be left
to vehicles during the coordination process. This issue also includes the
possibility, depending on factors such as traffic conditions or the need
to enact specific mobility policies, to dynamically adjust such degree of
autonomy and thus the adopted coordination scheme. This introduces
many theoretical and practical challenges in modelling self-driving vehi-
cles coordination schemes and in their rigorous engineering, as in the
case of intersection crossing, analysed in the paper.
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1 Introduction

Autonomous self-driving vehicles will soon populate our streets [8]. Besides the
advantage of relieving us from the duty of driving and paying attention, thus
making it possible to exploit travel time in other activities, self-driving vehi-
cles will bring further important benefits. They will reduce crashes, now mostly
due to bad human behaviours and human errors, most likely saving millions
of injuries and lives. They will notably reduce the number of circulating vehi-
cles and, also thanks to route optimisation, will definitely reduce traffic and
pollution [22]. Moreover, they will pave the way for a number of innovative solu-
tions in the provisioning of mobility services [30], to serve our needs with much
greater levels of quality and efficiency than today: car sharing, where fleets of
autonomous vehicles (whether provided by public actors or by private compa-
nies) will be available to serve our urban mobility needs; personalised public
transport and ride sharing, where autonomous vehicles and buses can dynami-
cally gather people based on their actual required routes; smart and more effec-
tive parking approaches, in that autonomous vehicles can search for parking
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slots based on criteria different from the “very soon and very close” one that
we human usually adopt, and exploiting additional information that they might
have.

The current focus of industrial and applied research in the area is on the
methods and tools to enable individual vehicles to hit the road safely, there
including rigorous engineering approaches based on formal specification and
verification languages and models [34]. However, to get full advantage of self-
driving vehicles, a number of situations will compulsory require coordinating the
relative activities and movements of vehicles [1,31]. Examples of very diverse
situations that require a proper and careful coordination amongst collectives of
vehicles include: crossing intersections, entering a motorway, platooning, organ-
ising urban deployment and rides for fleets of ride/car-sharing vehicles, trying
to improve parking occupancies and reduce parking times. Effectively support-
ing such coordination implies devising effective mechanisms and strategies to
support coordination activities.

In this paper, we overview the key issues associated to the coordination of
autonomous self-driving vehicles, and the possible approaches to attack the prob-
lem, with a specific focus on the problem of intersection crossing. We show that
the different approaches to the problem are characterised by different degree of
autonomy in decision making that is left to individual vehicles during the coor-
dination process (not to be confused with the “level of autonomy” in driving
as defined in [14]). Following, we argue that a single approach can hardly suit
all possible situations. On this base, we also introduce the concept of adjustable
autonomy in coordination, and discuss the many issues associated with the rig-
orous engineering of the behaviour of self-driving collectives based on adjustable
autonomy. Finally, we also discuss additional general research challenges in the
engineering of collectives of self-driving vehicles.

The paper is organised as follows. Section 2 characterises the problem of coor-
dinating collectives of self-driving vehicles according to a taxonomy of coordina-
tion problems and analyses the spectrum of possible solutions; Sect. 3 focusses
on the specific case of intersection crossing; Sect. 4 introduces and analyses the
concept of adjustable autonomy in coordination; Sect. 5 introduces additional
research challenges and Sect. 6 concludes the paper.

2 Coordinating Collectives of Self-Driving Vehicles

The problem of coordinating a collective of self-driving vehicles can be modelled
as a decision making process, involving vehicles themselves and possibly some
infrastructural entities, aimed at orchestrating vehicles’ actions so as to achieve
a goal which cannot be achieved, or not optimally, by each vehicle in isolation.

Depending on the specific nature of the coordination problem, the goal may
be: (i) shared among a collective of vehicles, such as allocating parking slots to
the vehicles of a company fleet, making the coordination problem collaborative, or
(ii) individual, and possibly contrasting with the ones of the other vehicles of the



Degrees of Autonomy in Coordinating Collectives of Self-Driving Vehicles 191

collective, such as finding a parking slot in the presence of multiple private cars
looking for a slot in the same zone, making the coordination problem competitive.

Independently of the specific problem, the issues to be faced by vehicles in
coordinating are associated to the fact that in order to achieve the coordination
goal, whether individual or shared, vehicles may have to: (i) acquire access to a
shared limited resource, such as a shared intersection, calling for the coordination
process to safely regulate such access according to specific strategies and rules;
(ii) completing a specific task, such as bring a group of persons home, calling
for the coordination process to properly allocate to vehicles the responsibilities
and actions required to achieve such task.

The above characterisation of the problem of coordinating collectives of self-
driving vehicles fits well the general characterisation of coordination problems in
the areas of distributed systems [10] and multiagent systems [25]. Likewise, coor-
dination has to satisfy the following general properties, often subject to formal
verification: safety, expressing that “something bad never happens” during the
coordination process, such as that two cars never crash while crossing an inter-
section; liveness, expressing that “something good eventually happens”, such as
that all cars will eventually manage to cross an intersection; quality, that is it
should solve the coordination problem in a way to optimise some specific quality
measure, such as the average or cumulative delay at which cars manage to cross
an intersection.

2.1 Overview of Coordination Problems

Intersection crossing is the most representative coordination problem in urban
areas, definitely the most studied in the literature, and the one we adopt as
case study in this article. Intersection crossing concerns the need of coordinating
vehicles while concurrently crossing intersections [29]. As such, it is a compet-
itive problem in which vehicles are self-interested agents willing to obtain the
right-of-way as soon as possible across the shared resource represented by the
intersection. A proper solution to intersection crossing should enable vehicles to
safely cross an intersection by avoiding collisions, eventually giving each vehicle
the right-of-way (liveness), while possibly minimising the average delay experi-
enced by vehicles in waiting the right-of-way (quality measure).

Smart parking is the problem of coordinating vehicles to have access to park-
ing resources [27]. It assumes a competitive form in the case of private vehicles
and a collaborative form in the case of “fleets” of vehicles made available by
private companies or municipalities. A solution to this problem requires safely
avoiding overbooking and starvation, whereas quality concerns the timeliness
and the distance at which parking is found.

Ride sharing is the problem of coordinating vehicles to collectively satisfy
“mobility tasks”, such as carrying people around [4]. As in the case of parking,
it has a competitive form for privately owned vehicles and a collaborative one
for fleets of vehicles belonging to the same owner. Here, safety concerns assign-
ing mobility requests only once whereas liveness amounts to guaranteeing that
no user is excluded. Quality may concern maximizing car usage and monetary
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gains, or minimise waiting time and limit the walking distance, depending on
the perspective (users or owners).

Ramp merging deals with the task of entering and leaving highway ramps [29],
and requires a cooperative solution, as if the vehicles on the main lane are selfish,
those in the merging lane will starve (hence the system as a whole would fail
to achieve its goal), and if the selfish vehicles are those on the merging lane,
they could cause crashes for those on the main lane, or congestion by making
them slow down or change lane abruptly. Avoiding collisions and starvation
while minimising the time required to perform the task are the non-functional
properties to care about. Lane changing is an equivalent problem.

Platooning deals with the task of coordinating manoeuvres of vehicles so
that they travel altogether as a single entity, for instance by keeping the same
speed and relative positions [15]. As in ramp merging, vehicles in the platoon
have incentives to cooperate with each other. Safety again concerns avoiding
collisions, whereas liveness and quality mostly deal with preserving the platoon
while optimising measures such as fuel consumption or speed.

Traffic flow optimisation is the large-scale coordination problem subsuming
all the other ones, as it is meant to achieve a balanced exploitation of road
resources so as to limit traffic congestion [33]. The problem requires cooperative
solutions, as the routing plans that vehicles elaborate together can facilitate all
individual goals. Safety amounts to avoiding congestion and traffic jams, while
liveness amounts at routing vehicles so as to avoid loops and never-ending trips.
A quality metric could instead be the degree of balance in the exploitation of
the road network (measured by a density map) and the overall fluidity of the
traffic flow (measured by the throughput of selected roads).

2.2 Coordination Solutions and Decision Making Autonomy

Independently of the specific coordination problem addressed, approaches to
tackle it can be classified in terms of the degree of autonomy in decision making
left to vehicles during the coordination process.

By “degree of autonomy in decision making” we refer to the extent to which
vehicles can decide their own course of actions by themselves while coordinating.
Such decision of course can be based on information acquired by vehicles about
the current state of the affairs, information that can be obtained by the vehicles’
own sensors, by road-side infrastructural elements, or from the other vehicles
participating in the coordination process.

By definition, in any coordination process, the entities to be coordinated
cannot act completely freely, and must undertake actions that account for the
actions of the other entities involved in the process [10]. Thus, there is never
full autonomy and freedom. However, different approaches to coordination may
leave to entities different degrees of freedom in their decision making, i.e., in
selecting the actions to perform during the process. Hence, the degree of auton-
omy may range from fully externally imposed actions (lowest autonomy) to fully
self-determined action (highest autonomy), with a direct impact on the difficulty
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Fig. 1. Coordination approaches and level of autonomy in decision making.

of applying rigorous engineering techniques such as formal specification and ver-
ification. In particular, as depicted in Fig. 1, we can identify four main classes
of coordination approaches centred around the concept of degree of autonomy:
centralised, negotiation-based, agreement-based, and emergent.

In Centralised approaches the burden of coordination, that is, the decision
making determining the outcome of the coordination process, is entirely charged
upon an individual computational entity, i.e., a coordinator, whose decisions on
how everyone should act are undebatable, and to whom vehicles must abide by
design without any autonomous decision making left to them. A traditional traf-
fic light exemplifies the role of such centralised coordinator. We emphasise that
the term “centralised” here refers to the decision making process, not to the
actual computing infrastructure supporting it, which can include for instance
distributed processing of information by multiple sensors/cameras and/or ser-
vices to perform reasoning in the Cloud.

In Negotiation-based approaches the burden of coordination is distributed
amongst the ensemble of coordinating vehicles, who participate in a specific
negotiation protocol, typically inspired by economic mechanisms. In a negotia-
tion protocol, the vehicles involved can “propose” solutions and actions, each
according to its own internal strategy and its own situation and goals, amongst
a set of admissible moves dictated by the protocol at each step. If properly
designed, the protocol will eventually guarantee the convergence towards an
equilibrium solution, determining who (i.e., which vehicle) should do what, and
when, to solve the coordination problem. Most representative negotiation proto-
cols are: Contract Net, for collaborative problems, and auctions, for competitive
ones [18].

In Agreement-based approaches vehicles participate in a dynamic protocol
defined by themselves in a collective way, in a sort of dynamic meta-coordination
process whose outcome is both the set of admissible moves, now jointly defined,
and possibly even a re-determination of the goals to be achieved during the
coordination process. The distinguishing feature here is the ability of agents
to collectively define the protocol itself, that is, the goal to pursue and their
strategy to make moves. Examples of these dynamic protocols include those
based on argumentation [28], where involved entities discuss and argue together
to reach a common perspective on situations, goals, and solutions, and distributed
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constraint optimisation [19], where agents try to collectively find a solution to
an optimisation problem.

In Emergent approaches vehicles do not explicitly engage in any coordina-
tion protocol, thus do not even share the goal of reaching a common agreement.
Rather, every vehicle behaves in a selfish way according to its goals and to
maximise utility of actions w.r.t. the goals, and according to the perceptions it
collects about other participants to the coordination process. It is worth empha-
sising that this does not contrast with the achievement of a systemic, shared
goal: for instance, in ant colonies, individual ants pursue their own goal of trav-
elling between the nest and the food source as quickly as possible, but depositing
pheromone while doing so (an innate behaviour, not a coordination act) deliv-
ers the systemic goal of finding the shortest path despite disruption (e.g. due
to adverse weather). Examples include: game theoretic approaches [24], where
explicit communication is lacking, each vehicle merely assumes rationality of
others, and computes its own course of actions based on informed guesses about
others’ expected behaviour; and self-organising algorithms [20], typically nature-
inspired, where vehicles act in a purely reactive way, based on the implicitly
perceived presence and state of other vehicles, typically expressed via “traces”
in the environment, such as virtual pheromones or virtual computational fields.

3 The Case of Intersection Crossing

Today, intersection crossing is managed either by a central controller, the traffic
light, or by imposing to vehicles (i.e., to their drivers) pre-defined coordination
rules to be obeyed, such as stop at sign or give right-of-way to vehicles coming
from the right.

In the future, thanks to self-driving vehicles, it will be possible to conceive
a variety of innovative solutions, safer and more efficient, eventually making
traffic lights and stop signs obsolete. Based on the classification of coordination
solutions along the level of autonomy in decision making, let us now overview
the variety of such solutions.

3.1 Centralised

Centralised approaches to intersection crossing assume the existence of a compu-
tational central authority, the intersection manager, bearing alone the burden of
decision making. It is typically in charge of: (i) receiving information from vehi-
cles approaching the intersection (i.e., origin, destination, speed); (ii) elaborating
a set of collision free trajectories enabling vehicles to safely cross the intersection,
which may require some vehicles to slow down or change lane; and (iii) instruct-
ing, or directly commanding, the vehicles about what to do, or informing them
about what constraints they must abide to while crossing the intersection. Cen-
tralised approaches are usually the easiest to rigorously engineer, as the whole
coordination algorithm is executed by a single component amenable of formal
verification, without vehicles autonomy to hinder the process.
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Examples of centralised proposals to intersection crossing include [40], which
attack the problem in terms of a traditional mutual exclusion approach, and [16],
in which the authors propose a control algorithm implementing a nonlinear con-
strained optimisation in charge of computing the best moves for every vehicle
and then directly manipulating vehicles’ driving parameters. A similar stance is
taken in [41], where cooperative adaptive cruise control is exploited for intersec-
tion crossing by assuming that a smart controller device placed in the intersection
can communicate with incoming vehicles to instruct them about the actions to
perform.

Other approaches are a little more permissive and let the inbound vehicles
decide how to fulfil a set of constraints set by the intersection manager, which
may regard the time slot assigned for crossing, as in the work by Dresner and
Stone [7]: the authors propose a reservation-based approach in which incoming
vehicles request assignment of a time slot for crossing to the intersection man-
ager, who computes decisions based on a local control policy.

In general terms, all the above approaches ensure safety and avoid starvation
by giving every vehicles the possibility to cross the intersection. Most impor-
tantly, simulations show that such approaches dramatically reduce the waiting
time for vehicles with respect to traditional approaches based on stop signs or
traffic lights [7], because: (i) the occupancy of the intersection is maximised and
(ii) vehicles from different directions can cross the intersection without waiting,
provided they are not in direct collision—i.e., they occupy different portions of
the intersection, or occupy the same portion at different times.

A problem of centralised approaches is requiring the presence of a dedicated
infrastructural element (the intersection manager) and the capability of vehicles
to interact with it at all times. Thus, they can hardly be applicable in the wild.
Also, such a central authority is an obvious bottleneck for both performance and
tolerance to failures. A recent proposal [36] suggests the possibility for vehicles
to be engaged in a leader election algorithm, to elect a transient leader vehicle
in charge to act as intersection manager for a predefined amount of time.

3.2 Negotiation-Based

In negotiation-based approaches, vehicles are required to actively participate in
a protocol aimed at establishing in which order vehicles will gain access to the
intersection. Such protocol, given the competitive nature of the problem, can take
the form of an auction. In approaching the intersection, vehicles may contact
an intersection manager or a broker temporarily elected amongst themselves,
by placing a “bid”, that is, by making an offer to “buy” the portions of the
intersection they require for crossing, for the time required to cross. The value
of the bid expresses the urgency of the vehicle in crossing, it is autonomously
set by each individual vehicle according to its own strategy, and can correspond
to some real-world currency or some sort of “road credits” assigned to vehicles.
The broker collects the bids, gives the right-of-way to the set of vehicles that are
in a collision free trajectory and, amongst those that are in collision, to the ones
having placed the highest bid.
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Examples of auction-based protocols for intersection crossing are described
in [38], [6], and [5]. There, different policies to resolve the auction are analysed,
based on different strategies put in place by the bidding vehicles, as well as differ-
ent strategies by the broker in establishing the winners. Such strategies can also
attempt at incentivising fair bidding while discouraging malicious behaviours.

Auction-based mechanisms, with slight variations depending on the adopted
strategies, generally exhibit performances comparable and at times superior to
that of centralised ones: the waiting time of vehicles is dramatically lower than
that of traditional traffic lights. Safety is ensured provided that vehicles respect
the “rules of the game”, and accept waiting when losing the auction. A problem
intrinsic to any auction mechanism concerns liveness, that is, the property of
having every vehicle achieve its goal without starvation, in that the strategy of
bidding vehicles can sometimes make others to experience indefinitely long wait-
ing times. Also, if implemented through a dedicated intersection manager acting
as broker, they inherit the “bottleneck” drawbacks of centralised approaches.

3.3 Agreement-Based

Intersection crossing with agreement techniques essentially amounts to give vehi-
cles approaching an intersection the possibility to interact so as to affect each
others’ original goals (e.g., directions) and priorities.

An example proposal, specifically conceived in the context of bimodal traffic
(vehicular plus public transport), is discussed in [3]. There, agreement between
vehicles happens through a repeated communication protocol running between
approaching vehicles and buses, with the assistance of an heterogeneous pool
of agents representing conflicting goals, such as the need to minimise private
vehicles travel time while prioritising public transportation. Depending on both
macro and micro scale criteria, in fact, the agents participating in the protocol
may decide to prioritise, hence, ultimately, giving right-of-way to, either private
traffic or public transportation, as a result of a conflict resolution protocol.

Another interesting approach models intersection crossing as a Distributed
Constrained Optimisation Problem (DCOP) [39], that is, interpreting vehicles as
a multi-agent system in which agents have to find an agreement about the best
solution possible to a dynamic set of shared constraints. This kind of modelling
lends itself to a distributed implementation, where each vehicle interacts in a
peer-to-peer way with the neighbouring ones to solve a local problem, that is,
DCOP limited to those vehicles actually approaching the intersection. For doing
so, the involved agents actually resort to a messaging protocol to exchange their
current solutions as they try to adjust their individual values to converge to a
feasible (hopefully, optimal) solution.

Finally, let us mention the approach we envisioned in [17], which proposes to
adopt argumentation technologies. In particular, we suggest vehicles can engage
in open dialogues while approaching the intersection, discussing their beliefs
about the best way to approach the intersection, and in case of conflicting
needs, arguing with each other about possible ways to avoid that conflict. During
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the dialogue, vehicles can change the argumentation strategy, and may evaluate
assertions differently based on the dynamic contingencies arising in the mean-
time. For instance, a vehicle A approaching the intersection in the north-to-south
direction can express arguments about its urgency to cross, and can argue that
another vehicle B in the east-to-west direction (and thus conflicting with A)
could/should decide to cross right, as that move would make B reach destina-
tion anyways, but would avoid the conflict with A. Persuaded by solidity of A’s
argument, B could eventually decide to turn right. Although still at the con-
ceptual level, an argumentation-based approach to intersection crossing shows
potential for greater flexibility and adaptivity in facing unforeseen situations.
In addition, the power of argumentation approaches in the area of autonomous
driving is advocated also by other conceptual proposals as a way to solve conflicts
and increase trustworthiness and safety of decisions [9].

3.4 Emergent

Handling intersection crossing with coordination by emergence implies giving
absolute freedom to vehicles in choosing how to cross intersections, with the only
constraints of acting in a safe way and avoiding starvation. To this end, one can
let vehicles either: (a) play a selfish game where each agent attempts to maximise
its expected utility in crossing despite other agents’ needs and goals [24]; or (b) be
engaged in an implicit, self-organising coordination scheme, where each vehicle
responds in a reactive way to the actions of the other agents, according to some
sort of “natural laws” enforced in the intersection “ecosystem” [26]. In both
cases, coordination does not consider an explicit agreement about what to do.

In [21], the authors interpret the intersection crossing problem using game
theory, that is, modelling each vehicle as the player of a game involving other
approaching vehicles, each playing its own game, thus each having different pay-
offs and utility models—that is, essentially, each player is unaware of the formali-
sation of the game others are playing. The proposed approach investigates how to
build decision matrices in such a way that minimal information can be assumed
by agents while still being able to find a solution for their own game—that is,
a safe way to cross the intersection in the lowest possible time. Alternatively, it
is possible to model the collective behaviour of vehicles at intersections in terms
of a self-organised collective movement, similar to that of flocking birds [35].

Actually deploying autonomous vehicles that cross intersections by relying
on such approaches seems hardly feasible, as delivering guarantees about safety
and liveness may be prohibitively difficult or impractical in the general case of
emergent approaches to coordination, because these approaches often exploit
stochastic decision making and partial, local information. Possibly, however, in
mixed scenarios with the presence (as discussed in Subsect. 5.3) of non connected
human-driven vehicles, emergent approaches can be the only solutions for indi-
vidual vehicles to coordinate with each other.
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4 Adjustable Autonomy

In previous section, for the specific coordination problem of intersection crossing,
we have presented different approaches based on a different degree of autonomy
left to vehicles. The selection of the best strategy, though, may depend on the
specific current traffic situation at an intersection, and a single solution can
hardly handle all possible situations optimally. For instance, in the case of inter-
section crossing:

– A solution based on distributed negotiation or argumentation between vehi-
cles can be very effective in rather low traffic situations, when the number of
vehicles involved in such negotiations is quite low, thus a collective outcome
can be reached quickly because the number of messages to exchange even in
the case of completely connected topology would remain low.

– In the case of congested traffic situations, with a large number of vehicles
involved, reaching a shared agreement can be harder and induce notable over-
head and delay in communications. Also, in the case of auctions, it can induce
inflationary effects on the bids. In these situations, thus, on the one hand it
could be more appealing to rely on centralised solutions so as to reduce the
complexity of communications (e.g. bandwidth consumption), on the other
hand emergent ones may further help avoiding the bottleneck of having a
single point of failure while still keeping communication costs low.

– Emergent approaches can possibly work both in very low-traffic situations
and in highly congested ones, as mentioned above, for their capacity to scale
seemingly with the scale of the problem (e.g. as regards communication costs
and computational complexity of the protocol), but further experiments are
needed to confirm this opportunity.

– Likely, as discussed in [13], it can be necessary for different intersections to
adopt different coordination schemes at different times in order to support
traffic flow optimisation.

Similar issues can apply also to other classes of coordination problems. For exam-
ple, consider the need to coordinate vehicles in order to optimise the usage of
parking slots. In general, a centralised parking scheme that works well to let
the city governance control the distribution of parked vehicles, may fall short in
the presence of a high number of vehicles by inducing notable delays in parking.
In this case it is better to switch to an approach that lets individual vehicles
negotiate for parking slots according to their own preferences.

All the above considerations suggest the possibility, for coordinating vehicles
to properly enforce safety, liveness, and to maximise quality in coordination,
to dynamically switch from one coordination scheme to another upon changing
conditions. Indeed, many municipalities already often adopt a similar dynamic
adaptation of the scheme to regulate intersection crossing: the traffic lights that
regulate access to an intersection during the day (i.e., in situations of expected
intense traffic) are switched off at night (expected low traffic) to let vehicles
directly coordinate with each other.
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In the area of robotics and multiagent systems the theme of “coordination
with adjustable autonomy” [23] (sometimes referred to as “flexible autonomy”,
also [11]) has been extensively discussed, either referring to the fact that, at
times, a human actor may wish to reclaim autonomy in decisions from agents
or robots [32], or to the fact that (as in our scenario) specific conditions may
require to dynamically switch the coordination scheme [37].

In the real world, and in the context of safety-critical situations such as
those involving the coordination of autonomous vehicles, though, designing and
realising such dynamic switch in a rigorous and reliable way can be conceptually
and technically very hard, and requires facing several challenges. In particular:

– For evaluating the switch to a different coordination scheme, there is the need
of well-defined metrics and background knowledge to evaluate which situation
fits which coordination scheme. This requires extensive simulations and real-
world experiences to compare the effectiveness of different schemes in different
situations. For instance, based on the description of the different autonomy
classes and their representative protocols, it is likely that factors to consider
while deciding which scheme to adopt include (i) raw performance aspects,
such as the number of messages exchanged and the number of iterations the
protocol needs to converge (both tend to increase with decentralisation), as
well as (ii) accounting for the amount of information needed for the protocol
to work, such as whether it needs global information (for which a centralised
approach may be the only reliable option) or not, and finally (iii) liability
issues, to establish individual responsibilities in case something bad happens
(the more autonomy vehicles have, the less an individual responsible is likely
to be found). Whether for performance we might already have the right tools
to rigorously measure it, the same does not hold for the information and
liability aspects, which remain open issues.

– Identifying the situation for a switch requires continuous detailed monitoring
of the traffic situation and of the effectiveness of the coordination process.
Also, predictive monitoring techniques should be adopted, to let the switch
take place before a degradation of quality in coordination occurs. This obvi-
ously implies having means to precisely measure coordination effectiveness,
which as far as we know are not widely established, yet.

– Deciding the actual process by which the switch should be decided and
enacted. In other words, the vehicles and/or the centralised manager involved
in coordination should agree on the switch and on the actions by which to
actually perform it. That is, there must be a meta-coordination protocol
taking place for the switch to a different coordination scheme. This could
again rely on a centralised controller to decide and enact it, or on vehicles
negotiating/agreeing with each other on how and when to switch, as it may
be required in the absence of infrastructures supporting the existence of a
centralised controller. Hence, the same considerations we made for the coor-
dination protocols regarding performance and autonomy trade-offs, will apply
to this meta-coordination layer, too, further complicating the open challenge
of deciding when to switch.
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All of the above, should lead to solutions with provable properties of stability
and with provable convergence times. We do not have solutions ready to use to
propose here, but certainly the vast amount of literature on adjustable autonomy
can suggest useful research directions.

5 Additional Research Challenges

Let us now introduce a few additional general challenges, i.e., issues con-
cerning vehicles coordination beside the specific case of intersection crossing.
Autonomous vehicles can hardly be deployed in the real-world and start coordi-
nating without also identifying rigorous solutions to these challenges.

5.1 Systemic Coordination

So far, we discussed the issue of coordination mostly at the level of individual,
isolated systems, such as a single intersection. However, thinking at a more
systemic level, such as at urban scale, coordination actions in one part of the
system may indeed impact other parts of the system. For example, queues at
an intersection can induce queues at nearby intersections, or a slow down in
a motorway due to an intense flux of traffic in an entering lane can quickly
propagate backwards to impact previous entering lanes.

The inter-related effects of individual coordination acts along with the need to
respect global level policies imply that the solutions and the policies adopted to
solve an individual coordination problem cannot be designed without accounting
for the systemic impact of such solutions and policies. In other words, the level of
individual coordination must be coupled with a co-coordination one, in which an
agreement at the global level is reached on how to act, that is, according to which
policies and constraints, at the local level. In the area of autonomous vehicles, a
few works exist that handle such systemic problems. For instance, [38] analyses
how global coordination of intersections can be achieved by trying to affect, at
the local level, the choices of individual vehicles. A similar analysis is presented
in [13]. In different fields such as logistics, energy management, robotics, and
multi-agent systems, a variety of mechanisms have been proposed for coordina-
tion in large-scale systems of systems: hierarchical mechanisms, market-based,
self-organising [25]. Such mechanisms can be a source of inspiration for the field
of autonomous vehicles as well, but would also call for tools to enable accurate
simulation and prediction of the global impacts of coordination solutions.

5.2 Intersection Markets

Today, while driving, we are already used to pay for the usage of infrastruc-
tures such as parking slots, bridges, motorways. However, these payments are
based on static pricing schemes and offer a neutral service. If, as in negotiation-
based solutions, vehicles can dynamically request access to intersections, or to



Degrees of Autonomy in Coordinating Collectives of Self-Driving Vehicles 201

other road infrastructures such as parkings and motorways, and pay them auto-
matically, it may become possible for the manager of such infrastructures to
impose dynamic pricing mechanisms, based on the current demand. Doing so
implies that a vehicle, while starting its ride, may have no a priori idea about
how much it will eventually cost. Also, this opens up the way for imposing fees
on intersection crossing, imposing payments for crossing busy intersections with
fees varying depending on traffic and time-to-wait.

The mechanisms of dynamic payments could also enable a model in which
passengers can decide to pay more to get better services, e.g., crossing an inter-
section quickly, breaking the current neutrality of road infrastructures. In the
future, such mechanisms could become based on a real auction with real money,
with the consequence that vehicles whose owners/drivers/passengers have higher
budget will always bid higher and buy priority in crossing the intersection, while
vehicles whose owners/drivers/passengers have lower budget will risk starva-
tion. The above issues, other than calling for proper algorithmic solutions to
avoid unfairness or inflationary effects, also call for the definition of suitable reg-
ulations to avoid mobility becoming a privilege, and suitable means to integrate
such regulation into a coordination scheme.

5.3 Mixed Scenarios

This article assumes that all the cars are fully autonomous, or at least that they
act and interact autonomously with each other during the coordination act. This
can match a not-so-near future when we can expect that human-driven cars will
no longer exist or when, for safety and efficiency reasons, it will be forbidden
for humans to drive but in specific controlled situations: the same as today, for
instance, it is forbidden to ride a horse in motorways and high-speed roads.
However, there will be a rather long transition phase in which our streets will
be populated by a mixture of fully autonomous cars, partially autonomous ones,
and traditional human-driven cars, other than bicycles and motorbikes. Such a
scenario clearly challenges the possibility of relying on the surveyed coordination
schemes, unless one devises dependable means to involve human-driven cars (that
is, their human drivers) in the process of coordination, and suitable means to
formalise and ensure properties in such mixed scenarios.

These scenarios have several characteristics in common with the issue of coor-
dinating the movements of mixed teams of robots and humans, which has been
extensively analysed in the context of robotics and autonomous systems [12],
but assumes the existence of means for robots and humans to communicate with
each other. Also, designing a coordination scheme according to the solutions
discussed in this article would require accounting for the possible inaccuracy of
actions by human-driven cars, and possibly for the presence of non-connected
vehicles (e.g. bicycles) whose behaviour cannot be rigorously predicted. For this
latter case, emergent approaches to coordination could provide solutions, though
possibly much less effective.
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6 Conclusions

For future autonomous vehicles to populate our streets, it will be necessary to
identify rigorous solutions for coordinating their relative movements in order to
let them circulate safely and without conflicts and crashes. In this article, we
focussed on the problem of crossing intersections, and showed how a variety of
solutions can be conceived, each characterised by a different level of autonomy
in decision making left to vehicles during coordination.

Selection of the appropriate solution to handle intersection crossing will
require proper modelling of the problem and of the domain, other than rig-
orous approaches to analyse and compare the different solutions, in order to
select the most appropriate one depending on the context. Furthermore, it will
require addressing a number of additional challenges that represent promising
directions for future research.

Finally, but this problem would require a full analysis on its own, the safety-
critical nature of autonomous vehicles will possibly require them to solve ethical
dilemmas while coordinating with each other, e.g., multi-vehicle instantiations of
the trolley problem [2], which raises the additional issue of somewhat engineering
a sort of moral dimension for vehicles.
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