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A Survey on Cooperative Architectures and
Maneuvers for Connected and Automated Vehicles
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Abstract—With increasing connectivity, more and more ad-
vanced forms of cooperation among vehicles have become pos-
sible. Research has shown that vehicle-to-vehicle communication
can improve road safety. However, more recent research advances
regarding complex interactions such as cooperative maneuver ne-
gotiation have not yet gained much attention. Thus, in this survey,
we analyze proposals for maneuver coordination protocols among
automated vehicles. We include the communication, computation,
and decision-making architectures commonly employed and a
categorization scheme for different application-layer protocols
enabling cooperative maneuvers. Next, we summarize related
standardization, industry alliances, and research projects. As
this field of research is still emerging, we also identify the
diverse challenges that lie ahead before cooperative maneuver
negotiations among automated vehicles can become a reality.

Index Terms—Automated driving, automated vehicles, coop-
eration, cooperative maneuvers, joint maneuvers, maneuver ne-
gotiation, Vehicle-to-Everything (V2X), Vehicle-to-Vehicle (V2V),
vehicular communication, vehicular networks.

I. INTRODUCTION

UTURE MOBILITY will not be comparable to a ride with

today’s vehicles. During the present decade (2020-2029),
driving automation is expected to make further progress and
potentially allow drivers to perform other tasks while commut-
ing [1]. Around the globe, car manufacturers are moving away
from the vision of building automated and autonomous vehi-
cles that are completely autarkic from their surroundings and
towards including connectivity and communication into their
cars. Recent surveys cover the benefits of such communication
for automated and autonomous driving [2], [3]. In a connected
future of mobility, all vehicles will be connected to the Internet
(V2N), as well as directly communicating to other vehicles
via vehicle-to-vehicle (V2V) communication, to the roadside
infrastructure (V2I), and even to others such as pedestrians
(V2P). This connected ecosystem of vehicle-to-everything
(V2X), also called the Internet of vehicles (IoV) [4]-[6], will
enable higher safety, higher traffic efficiency, and more driving
comfort [7].

Recent studies indicate that connectivity and digital services
have become increasingly important criteria for car purchase
decisions, especially for young customers. According to Mc-
Kinsey, 58% of car buyers in China, 41% of those in the
US, and also 24% of those in Germany would switch brands
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for a better connectivity offer, meaning remote access to and
Internet connectivity of the car [8]. This exerts pressure on
car manufacturers with traditionally long development cycles
to converge more towards the development speed of the
smartphone industry, where frequent updates and hardware
purchases are prevalent. In contrast, the average age of light
vehicles on US roads, for example, is 11.6 years [9].

Connected services have improved over the last years.
Going beyond entertainment, sharing information with traffic
management systems can be beneficial for the environment. By
that, connected vehicles can positively affect fuel consumption,
gasoline emissions, and traffic congestion [10]-[13]. Besides,
even basic V2V communication has shown to improve safety
for automated driving (AD) applications like platooning [14],
[15].

Regarding the latter, research is ongoing regarding open
challenges of basic safety services (e.g., the most suitable
communication technology [22]-[27], coexistence between
several technologies [28], or test methods [29]). At the same
time, governments and industries are evaluating how to start
deployments of V2X.

It is only recently that researchers have begun investigating
how to enable interactively enabling cooperative maneuvers
among automated vehicles, which is the main focus of this
paper. As described in detail in Section II-B, we understand co-
operative maneuvers in the sense of cooperatively negotiating
and executing driving actions towards a common goal. Those
cooperative maneuvers are based on different architectures
regarding communication schemes, computational load, and
decision-making. This is what we comprise under the term
cooperation architectures, reviewed in detail in Section III.
Most approaches for cooperative driving mainly involve auto-
mated vehicles, thus exceeding the research solely involving
warnings or information displayed to human drivers.

A. Related Surveys

Many studies, standards, and other documents have been
published on vehicular communication or AD, respectively.
Surveys about V2X cover, e.g., physical and medium ac-
cess control (MAC) layer of access technologies [30]-[32],
message routing [33], [34], or security and privacy [35]-
[39]. Those about AD cover, e.g., control [40], motion plan-
ning [41]-[44], or sensing and mapping [45]. General surveys
on V2X [46] and AD [47], [48] also exist.

Regarding the intersection of the two, cooperative maneu-
vers, only fewer surveys exist. As outlined in more detail in
Section II-B, this new field uses V2X communication to enable
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TABLE I
RELATED SURVEYS FROM THE FIELD OF COOPERATIVE MANEUVERS
Survey Scope Contribution Relevance to Cooperative Maneuvers

[16] General (macro-scale)
e.g., ride sharing

Our

work

[17]

General (micro-scale)

Platooning
control, communication, simulation
[18]  Platoon safety

toons
[7] Traffic flow

[20]  Intersection Categorize approaches on cooperative inter-
management section management

[21]  Intersection Give overview on centralized and decentral-
management ized intersection management approaches

joint driving maneuvers among automated vehicles. Some pa-
pers [17], [18] review studies on the special case of platooning,
meaning several vehicles driving in unison in close distance to
each other. Another special case is intersection coordination,
which several reviews [7], [20], [21] have surveyed. Mariani
et al. [16] survey the coordination of autonomous vehicles and
categorize the implementations of scenarios like ride hailing,
parking spot allocation, and traffic flow optimization according
to the degree of autonomy given to individual vehicles.

Further context and existing surveys are given in Sec-
tion II-A.

B. Objective and Contributions

The objective of this paper is to provide an in-depth
understanding of cooperative maneuvers in general, especially
application-layer protocols and enabling architectures. Differ-
ent to Mariani et al. we do not look at (large-scale) resource
optimization or distribution problems, but focus on proposals
for small-scale, local cooperation. Table I gives an overview
on the related surveys on cooperative maneuvers and how our
paper’s focus differs from them.

The main contributions of our survey are

o Outlining the history of V2X communication and the
inter-dependencies of related research fields in Section II.

« Categorizing architectures used for enabling cooperative
maneuvers in Section III.

o Comparing application-layer protocols for cooperative
maneuvers along several characteristics in Section IV.

« Giving an overview on global standardization activities
and research projects related to advanced V2X services
including cooperative maneuvers in Section V.

C. Organization

The remainder of this paper is structured as follows: In
Section II-A, we outline the history of vehicular commu-
nication and define the scope of this survey, including key
definitions. In In Section III, cooperation architectures for
cooperative use cases are presented. In Section IV, we review
current research on cooperative maneuvers. In Section V, we
summarize current standardization efforts, industry activities,
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Categorize coordination problems for CAVs,
Categorize cooperative maneuver protocols
on single maneuver level, e.g., lane chage

Give overview on overall platooning, e.g.,

Give overview on safety approaches for pla-

Categorize methods to coordinate traffic

Taking a high-elevation viewpoint on cooperative maneuvers,
mostly as ressource allocation problems.

First research review on the topic of cooperative maneuver
protocols and architectures.

Platooning as special case of cooperative maneuvers (excluded
in our survey).

Point out that common safety standards like 1SO26262 [19] are
insufficient for cooperative systems.

Cooperative maneuvers can help increase traffic flow.

Some approaches, e.g., tile reservation, could be applied for
general cooperative maneuvers.

Some approaches could be applied for general cooperative ma-
neuvers.

and funded projects related to V2X and advanced vehicular
cooperation. We then outline directions and challenges for
future research in Section VI, before concluding the paper
in Section VII. In the appendix, we provide a list of used
acronyms.

II. CONTEXT, SCOPE, AND TERMINOLOGY

In this section, we give the reader an overview on the
historical development of V2X that lead to the research on
cooperative maneuvers (Section II-A) which are the focus of
this survey. Section II-B then delineates the scope of this paper
and gives key definitions.

A. Historical Perspective

Starting in the late 1990s, studies have investigated what
benefits communication could have for vehicles [57], [58]
and subsequently, vehicular ad-hoc network (VANET) research
emerged [59]. In the following, we describe the most popular
research fields related to vehicular networks, following Fig. 1.

The first application was broadcasting beacons to discover
neighboring vehicles. This was standardized in 2006 by the
SAE International (SAE) [49], and in 2010 by the European
Telecommunications Standards Institute (ETSI) [51]. Based
on information like speed and position transmitted periodically
either in Basic Safety Messages (BSMs) or in Cooperative
Awareness Messages (CAMs), vehicles can determine dan-
gerous situations and warn the driver accordingly. Such basic
safety applications are also called Day 1 or cooperative aware-
ness. Minimal requirements for V2V safety were specified in
SAE J2945 [54] in 2016. For a deeper understanding, several
introductions to intelligent transport systems (ITSs) exist [30],
[59]-[63]. Willke et al. [64] have surveyed V2X application
classes, requirements, and communication protocols. Sawade
and Radusch [65] have classified cooperative driver assistance
systems according to their realizability with dedicated short-
range communication (DSRC).

Subsequently, research about extending the range of
communication within VANETs via intermediate vehicles
emerged. This cooperative routing or relaying of messages
helps disseminate information. Several survey papers [5],
[66]-[69] give an overview on related literature. Dressler
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Fig. 1.

et al. [70] have classified broadcast protocols according to
priority and area of delivery, reconciling different applications
and use cases. Problems related to information dissemination
are clustering vehicles [71], [72] and representing information,
e.g., in information-centric networks (ICNs) [73], [74].

Platooning, or cooperative adaptive cruise control (CACC),
gained attention in the early 2000s [75]. A chain of vehicles
synchronizes lateral and longitudinal control to reduce inter-
vehicle distances and thus fuel emissions. The research focus
has been on platoon management procedures like joining,
leaving, merging of platoons, stability analysis, and control.
Jia et al. [17] have surveyed the related literature.

Since 2016, short-range “sidelink” direct communication
called vehicular LTE (LTE-V) is included in Third Generation
Partnership Project (3GPP)’s Release 14 [53] as an alterna-
tive to WiFi-based direct communication. Release 16 Fifth
Generation Cellular Communication (5G) [76] will integrate
short-range communication as a native component. In addition
to the sidelink, network-based cellular communication also
became a research topic. Original 3G was not able to fulfill
the latency requirements of vehicular safety applications as
well as DSRC [77]. For example, 3GPP specifies a V2V
communication latency of less than 100 ms, in certain cases
of less than 20 ms [78]. Certain types of warnings, like local
hazard or traffic jam warnings, can however be transported
via cellular 3G/4G networks and are already deployed in
series production vehicles. Networks combining multiple radio
access technologys (RATSs), called Heterogeneous Networks
or HetNets, have been extensively surveyed [79]-[82]. Using
multi-access edge computing (MEC) as powerful platform
along the road can be beneficial for V2X applications [83].
Readers can find surveys on MEC in [84], [85].

B. Scope and Terminology

The previous section gave an overview of different vehicular
communication and cooperation types, mainly from the physi-
cal to the network layer. In the future, communication will not
be confined to broadcasting and routing cooperative awareness
beacons. In contrast, the vision of cooperative, connected, and
automated mobility (CCAM) states that automation, commu-
nication, and cooperation will coevolve, as displayed in Fig. 2.

As of today, Day 1 applications are already realized: back-
end connectivity enables sharing information among vehicles,
and advanced driver assistance systems (ADASs) are becom-
ing more and more popular. However, these services are often
not related to each other. For Day 2, sharing perceived objects

Clustering for VANETSs

[ [
Seminal paper on explicit SAE J2945 [54]
cooperative maneuvers [56]

Cooperative perception

Timeline including research fields and milestones (in boxes) regarding vehicular networks. While activities on V2X communication have a long
history, cooperative maneuvers only recently started to be investigated in detail.

or sensor data can work as input, enhancing environmental
models for automated driving [86]-[91]. Starting from Day 3,
even intentions are shared and coordinated. Connected and
automated vehicles (CAVs) with a high automation state can
use new communication technologies in order to improve
cooperation [92]. In the end, a completely connected ecosys-
tem will share perceptions and negotiate maneuvers to jointly
optimize traffic flows and maximize safety.

To reach this connected ecosystem, it is of pivotal impor-
tance to be able to perform cooperative maneuvers, where
automated vehicles negotiate on joint maneuvers, increasing
joint utility (Day 3/4 applications). This paper specifically
considers cooperation between automated vehicles that can
communicate intents and needs to other vehicles. Since de-
velopment cycles for communication technology are short, we
consider those cooperation aspects in a technology-neutral way
but will mention technological aspects where needed. Regard-
ing cooperation, we follow the definition by Norman [93]
“to act with another or others for a common purpose and
for common benefit,” and by Burger et al. [94] “an action
willingly and knowingly executed with the intention to work
towards a common goal.” Translated to vehicular cooperation,
this means exchanging intents, costs, or other information and
subsequently agreeing—implicitly or explicitly—on actions
each vehicle should perform. To make this explicit, most
studies regarding cooperative maneuvers treat only automated
vehicles, assuming that human-driven vehicles do not exist
any more, and they do not consider traffic infrastructure
like traffic management systems interfering with the vehicles’
intents. Those two topics require future research regarding the
transition phase of mixed traffic and optimal traffic flows, as
described in more detail in Section VI-B2.

Cooperation for crossing intersections is one specific sub-
group of cooperative maneuvers for which extensive work
has already been published. Centralized and decentralized
approaches exist, some of which also involve traffic infrastruc-
ture. However, many studies mostly concentrate on the control
aspects and do not propose concrete communication protocols
for solving the challenge of intersection coordination. Most of
the time, perfect reception and 100% cooperative vehicles are
assumed. Regarding this specific topic, we refer the reader to
existing surveys [7], [20], [21].

In our considerations, we have to define the term coopera-
tive maneuver further. The atomic building block for maneu-
vers is an action of a single vehicle. Such actions comprise
“staying in the current mobility state,” but also changing
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foreseen communication technologies, and “Automated” describes what level
and type of automation would be available and where.

this mobility state, like accelerating, adjusting heading angle,
or changing lane. A sequence of these actions, including
the respective parameters like duration or target velocity, is
called maneuver of a particular vehicle. Lastly, cooperative
maneuvers involve at least two vehicles who have to perform
at least one action each, without them all being “stay in
the current mobility state.” The sole exchange of information
does not classify as a maneuver since there are no driving
actions involved. For example, an automated vehicle could
describe a cooperative overtake as a joint maneuver consisting
of “overtake” for vehicle A and “‘stay in current mobility state”
for vehicle B. However, the actions, maneuvers, or cooperative
maneuvers do not need to be stated explicitly. For example,
if trajectories are shared, a lane change may be expressed by
waypoints that lead to an adjacent lane. The message exchange
that enables cooperative maneuvers will be called cooperation
protocol.

For communication-based vehicular cooperation of Day 2
and beyond, we identified several phases. We distinguish
between an Awareness, a Negotiation, and an Execution Phase,
see Fig. 3. First, vehicles have to become self-aware (e.g.,
in terms of self-localization) and aware of others (e.g., via
onboard sensors). Based on the V2X signals received, they
can identify possible communication partners for cooperative
perception and maneuvering. When they have detected a need
or opportunity for cooperation (at time tp), a negotiation is
initiated (¢1): it is the initiator’s goal to fulfill its needs through
cooperation. Since this may induce effort for the others,
the participants need to find a trade-off found cooperatively
via implicit or explicit feedback sent to the initiator. After
potentially several rounds of intent exchange and feedback, an
agreement is reached at time ?5. If the outcome is to cooperate,
then execution of the information exchange or cooperative
maneuver will start at time ¢3.

When denoting different vehicles in an interaction, the
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Fig. 3. Basic phases and related actions that have to happen for advanced
vehicular cooperation. The arrow for the Awareness Phase symbolizes that
this will continue throughout the whole cooperation for cross-checks and
continuous evaluation of the situation. Solid boxes describe actions that are
either done in parallel or jointly.

initiating one will also be called host vehicle (HV) or ego
vehicle, and others are termed remote vehicles (RVs). The HV
and RVs communicate via V2X, which can be distinguished
based on the air interface used. For communication over 3G,
4G, or 5G networks, the term “Uu” interface is used. In
contrast, direct communication among actors happens on the
sidelink or “PC5” interface.

For a clearer picture for the types of interactions we
subsume under the term cooperative maneuver, Fig. 4 depicts
several use cases. The most archetypal application is a cooper-
ative lane change or overtake (see, e.g., [56]), in which an HV
wants to overtake at least one RV, engaging in interaction with
it on the specifics of the planned overtake. Another use case is
an uncontrolled intersection [95], where automated vehicles—
potentially with the help of traffic infrastructure—negotiate
and decide in which order they will cross the intersection.
While not the focus of this survey, some of the protocols
mentioned in Section IV also enable coordination at intersec-
tions. Lastly, platooning or CACC is a cooperative maneuver.
Here, vehicles driving behind each other will tightly align
their trajectories, enabling shorter safety distances, reducing
aerodynamic resistance. As mentioned earlier, several earlier
surveys cover different aspects of platooning [17], [18] and
we thus do not include this special use case in this survey.

The three mentioned use cases are only examples out of
a variety of potential scenarios for cooperative maneuvers.
Later in this text, we use the terms “use case,” ‘“scenario,’
and “application” interchangeably.

III. ARCHITECTURES FOR COOPERATIVE MANEUVERS

For the advanced use scenarios outlined in the following
sections, several different architectures have been envisioned.

/
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Fig. 4. Some use scenarios involving cooperative maneuvers. Sharing intents and cooperatively increasing total utility can be beneficial in a wide range of

situations. Arrows denote current intents.

Here, the communication or information dissemination ar-
chitecture, the computation architecture, and the decision-
making architecture can be distinguished. All of them can be
classified into a spectrum between decentralized among traffic
participants, and centralized. Table II summarizes the relevant
papers of this section.

A. Communication

Historically, publications on communication architectures
for VANETSs proposed either hybrid architectures combining
cellular and direct communication technologies [96], [97],
[99] or they dealt with a mediation between different direct
communication technologies [100], [101]. However, these ar-
chitectures mainly focus on data dissemination for basic warn-
ings or cooperative awareness messages, without considering
advanced use cases. Thus, they will not be the focus of this
section, since we are concerned about architectures enabling
cooperative maneuvering.

1) Decentralized: In a decentralized case, traffic partici-
pants will be more or less equal entities and mainly broadcast
information like intents, see Fig. 5a. A central entity like a
group leader or roadside infrastructure is not necessary for
routing information [107].

2) Among Groups: On the other hand, communication and
information dissemination could also happen among groups
of vehicles [102], see Fig. 5b. This would involve extensive
information sharing among group members but may lead to
inefficiencies at group boundaries [55]. Besides, there are still
open questions on whether or not, and if yes, how group leads
should be elected to allow for stable groups.

3) Centralized: The last approach is to completely dissem-
inate information via centralized infrastructure along the road,
as depicted in Fig. S5c. This has the advantage that as long
as every traffic participant can communicate with the road
side units (RSUs), even different communication technologies
can coexist, mediated through the RSUs. However, one dis-
advantage of this is that vehicles have to entirely rely on the
traffic infrastructure’s availability, which can be very costly
and would take extra time for buildup.

Research suggests that the superior option for safety com-
munications are hybrid communication architectures [98],
[99]. For cooperative maneuvers, such an architecture would
mean that vehicles can coordinate among themselves, and cen-
tralized entities (like MEC servers) are also capable of sending

proposals to (groups of) vehicles. However, the coexistence
of different communication technologies is an open issue.
This is true for different air interfaces [99], but also within
the same type of air interface. For direct communication,
mainly two technologies and their technological improvements
are under discussion: Institute of Electrical and Electronics
Engineers (IEEE) 802.11p-based DSRC or ITS-GS5 as well as
LTE-V have both been developed for basic warning services.
Current development for the successor technologies IEEE
802.11bd [108] and 5G-V2X is targeting advanced use cases
like sensor sharing or cooperative maneuvering, demanding
for more stringent requirements on latency and others [22],
[103]. 3GPP suggests transmission latencies below 3 ms within
a communication range of 500 m and with reliabilities of
up to 99.999% [109] for the case of cooperative emergency
trajectory alignment. It is currently unclear which technology
combination is the best fit for vehicular networks [23] or if
such an optimal technology can be identified.

B. Computation

For advanced vehicular cooperation, computation is a cru-
cial element. For cooperative maneuvering, maneuver cal-
culation and the processing of different options reacting to
proposals of other vehicles need the most computational
effort. Decentralized computation can be distinguished from
a centralized one.

1) Decentralized: In a decentralized approach, every ve-
hicle computes only its own next maneuver and processes
incoming requests, as depicted in Fig. 6a. Participants may
need to exchange information first. Afterward, negotiation
and finding trade-offs can be necessary whenever planned
maneuvers interfere with each other. Such coordination can,
for example, happen using distributed control [104], [110] or
maneuver negotiation [107].

Regarding the software architecture deployed on vehicles,
research goes back to 2000 [105]. Most of the architectures
are implementation-specific. Therefore we did not include
a separate section on them in this paper. Instead, we have
derived general functional blocks from the surveyed studies
that are needed for cooperative automated driving, as depicted
in Fig. 7:

Each vehicle will need a compute function that evaluates
incoming requests for cooperation regarding their feasibility
and costs to decide on acceptance or rejection (Cooperation
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TABLE II
SUMMARY OF THE SURVEYED PAPERS RELATED TO ARCHITECTURES

Study Year Summary

Communication Architectures

Kato et al. [96] 2013  Architecture including LTE to augment DSRC-only deployments for periodic messages.

Zhang et al. [97] 2015 Coexistence of Wi-Fi and cellular via ‘almost blank subframe’ scheme mitigating co-channel interference.

Taleb and Bensli- 2010 Combination of DSRC and 3G including gateway selection scheme, enhancing PDR.

mane [98]

Dreyer et al. [99] 2016 A RAT selection algorithm for vehicles equipped with DSRC and LTE, improving channel load.

Abbas er al. [100] 2019 Analytical evaluation of a hybrid architecture of DSRC and V2N to deliver packets to other vehicles.

King et al. [101] 2018 Safety message protocol translator for vehicles with only LTE-V or DSRC.

Frese et al. [102] 2007 Investigating distributed, self-organized establishment of cooperative groups based on distance.

Naik et al. [22] 2019 Standardization of 802.11bd and 5G-V2X, focusing on physical and MAC layers.

Zeadally et al. [103] 2020 Standardization of DSRC and C-V2X, concentrating on physical and MAC layers.

Anwar et al. [23] 2019 Comparison of 802.11bd and 5G-V2X to each other and their predecessor in terms of latency, data rate, and PER.
Computation Architectures

Qian et al. [104] 2016 Design a model predictive control (MPC) framework for trajectory generation of vehicle formations.

Tsugawa et al. 2000 Control architecture for automated vehicles: vehicle control, vehicle management, and traffic management layer.

[105]

Lee et al. [106] 2019 Trajectory-aware edge node clustering scheme to minimize service delay between edge nodes.
Decision-Making

Bali et al. [71] 2014 Taxonomy for vehicle clustering and analysis of existing protocols.

Cooper et al. [72] 2017 Survey of clustering techniques like cluster head selection, member affiliation, and cluster maintenance.

(a) Decentralized.
in dotted line).

(b) Among a cooperative group (enclosed

(c) Centralized via roadside infras-
tructure (gray box).

Fig. 5. Tllustration of different communication architectures. The degree of centrality of vehicular communication determines how information like intents is

distributed among the participating vehicles in a cooperative maneuver.

(b) Centralized.

Fig. 6. Illustration of different computation architectures. An entity can (a)
compute exactly its own maneuver, or (b) design the cooperative maneuver
including all foreseen participants.

Logic). The Application Logic detects cooperative maneuver
opportunities and evaluates whether they are worth driving.
The Message Service is responsible for routing incoming V2X
messages to the respective functional blocks and for managing
transmission of messages. Since vehicles may be equipped

1553-877X (c) 2021 IEEE, Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.

with different capabilities, this function should best be present
on the vehicles themselves. This also has the advantage that
software updates can be performed in a distributed fashion,
for example, when the vehicles are parked. Otherwise, the
central system would have to be updated, potentially causing
a service outage during the update. The Motion Planning
derives the trajectories a vehicle will follow. It can be divided
into strategic (decision on trip route), tactical (handling a
specific traffic situation), and control level (actual control over
actuators in the vehicle) planning [111]. Whenever any of
the functions mentioned above are externalized, e.g., to an
edge server, an additional verification module needs to check
whether the received trajectory or maneuver is acceptable, for
safety and liability reasons. Lastly, the sensors and actuators
are deployed within each vehicle, while additional sensors may
be deployed along the road.

2) Centralized: In the centralized case, one entity will
compute maneuvers for more than one vehicle, as depicted
in Fig. 6b.

A locally-centralized computation is happening if one ve-
hicle determines a cooperative maneuver also involving sur-
rounding vehicles. An advantage of such a design is that
vehicles can more reliably predict the future behavior of other
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Decentralized Centralized

‘ Cooperation Logic ‘

‘ Application Logic ‘

‘ Message Services ‘

‘ Motion Planning ‘

‘ Decision Verification ‘

‘ Sensors & Actuators ‘

Fig. 7. High-level functional blocks necessary for cooperative automated
maneuvering. Most modules are foreseen to be deployed on the vehicles
themselves, but the application logic and motion planning may be partially
centralized.

traffic participants since these may choose to follow the actions
designed for them.

Depending on the area covered and the number of actors
involved, the computation can be more centralized: on road
(segment), district, or even city level. Here, an edge server may
take all involved vehicles’ trajectories, intents, and capabilities
into account to compute where trajectory changes may be
necessary and then distributes these trajectories to vehicles.
Such an approach is pursued—on a small scale—by Sequeira
et al. [112]. One advantage is the higher computational perfor-
mance of the server, which vehicles or city infrastructure can
use to find better solutions to the “global” optimization of, e.g.,
traffic efficiency. Lee ef al. [106] developed a trajectory-aware
edge node clustering scheme, optimizing pro-active service
information provisioning in order to minimize service delay
between edge nodes. Preparing service information in advance
could, for example, enable more efficient sensor sharing across
edge servers. In the case of centralized computation, vehicles
need to be able to trust the central management entity that
the trajectories are well suited and that neither devices nor
communication has been tampered with.

Only a few studies have been published that describe
hardware requirements for cooperative maneuvers. Lehmann
et al. [55] state they use an Intel Core i7-6820HQ as CPU,
and even with this hardware from 2015, it was possible to
evaluate and negotiate trajectories within a few milliseconds.
This may indicate that future hardware used for automated
vehicles will easily fulfill the requirements that the different
modules in Fig. 7 pose on onboard hardware. However, this
point has to be addressed by future research, as detailed in
Section VI-C5.

C. Decision-Making

How and where to make driving and cooperation decisions
is at the heart of cooperative maneuvering. Vehicles have
to decide on the own route, on cooperative maneuvers to
perform, and on responses to others’ intents. Specific timing
requirements result depending on the mechanism employed.
In general, finding a potential maneuver should happen before
the traffic situation has changed too much for the maneuver to
be still feasible. This time window depends on factors like the

maneuver to agree on, the relative velocities, and the number
of participants involved.

As decision-making stretches over the negotiation phase
as depicted in Fig. 3, the relevant time covered is from ¢
(time of identification of a need/opportunity for a cooperative
maneuver) until ¢, (agreement on cooperative maneuver).
Independent of the protocol used or decision-making approach
taken, it is critical that the duration of negotiation tpeg = t2—1;
is short enough that the traffic situation does not change
considerably. The suitable length of this time interval depends,
among others, on relative velocities, time until t3 (start of
the cooperative maneuver), and the maneuver negotiated.
Considering human drivers in normal, non-emergency driving
situations, t3 usually follows after ¢y within the range of a few
seconds.

1) Independent Decisions After Information Exchange:
The first option is the “most decentralized” one, see also
Fig. 8a: after mutual information exchange, decisions are
made independently on each vehicle. Based on the information
received, models for others’ movements can be improved,
and sensor vision can be enlarged. The only requirement
for this type of application is interoperability since traffic
participants have to understand the information shared by
others. Consensus on decisions is not needed since vehicles
plan and execute trajectories independently according to their
local motion planning unit; communication is only used for
augmenting the information available (see [110], [113], [114]
as discussed in Section IV).

Time planning is flexible since the algorithms on the in-
dividual vehicles can derive trajectory adjustments and other
changes in planned maneuvers in their own timing. They use
communication merely to update the environment model as
a basis for decisions. This means that after identification of a
maneuver opportunity (¢g), there is no need to send out intents
(t1) or agree on cooperation with others (¢2). The maneuver
can directly start whenever the actor sees fit (¢3).

2) Requests and Reactions: In this second class of ap-
proaches, depicted in Fig. 8b, we can distinguish initiators, or
requesters, and participants, or providers. A vehicle detecting
a need (at ¢y in Fig. 3), be it for information such as detected
objects or for a certain maneuver like a lane change, will
send out a request to others (¢1). It can share the vehicle’s
own need or intent with others or even include suggestions
for the other participants. The other traffic participants then
have to evaluate the request to determine whether it is possible
to cooperate or not. They will inform the initiator of a
positive or negative assessment, reaching t» and agreeing on
the cooperative maneuver in the former case.

In the first version, vehicles only send their own intents or
needs. For joint maneuvers, this means a feasible own driving
strategy needs to be found by the participants, which enables
the requester to perform the desired maneuver (see [107], [115]
as discussed in Section IV). A drawback here is that vehicles
cannot accurately predict the reactions of other participants
in the case that the initiator’s request is accepted. Requesters
can try to guess others’ most likely behavior according to own
models, but since the control algorithms on other vehicles may
differ, other trajectories than expected may be followed.

1553-877X (c) 2021 TEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee. r§/fublicati0nsfstandards/publications/rights/index.html for more information.
Authorized licensed use limited to: Technische Universitaet Muenchen. Downloaded on December 26,20.

at 08:54:14 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2021.3138275, IEEE

Communications Surveys & Tutorials

HAFNER et al.: SURVEY ON COOPERATIVE ARCHITECTURES AND MANEUVERS FOR CAVs 8

(a) Independent decisions after information
exchange.

(b) Requests and reactions; arrows with broad tips de-
note communication, narrow tips indicate trajectories.

(c) Centralized.

Fig. 8. Illustration of different decision-making architectures. With how much authority other vehicles are involved in the ego vehicle’s decision on which
driving action to perform can range from (a) no direct authority, via (b) as negotiation partners, to (c) fully taking over the decision. Question marks indicate

requests, exclamation marks indicate decisions taken or communicated.

In the second variant, the proposal of the requesting vehicle
(at t1) also includes suggestions for other vehicles’ behaviors.
This suggestion comes with the advantage that other vehicles
only have to evaluate a proposal instead of finding a suitable
maneuver by themselves, i.e., less computational extra load
for vehicles that most likely do not experience any advantage
from cooperation. This may shorten the time until reaching o,
even if dedicated studies still have to show this. Besides, the
initiating vehicle will know what reaction to expect from the
others according to the agreed plan.

In some protocols [116], [117], vehicles can even negotiate
such proposals for others’ actions or roles. RVs can suggest
alternatives that the HV will then evaluate. Potentially after
several rounds of negotiations among the involved vehicles,
the maneuvers should converge to a plan acceptable for all,
and a cooperative maneuver can begin. It has to be assured,
though, that the maneuver participants reach to sufficiently
fast.

This approach makes it possible to meet demands as needed,
as opposed to periodic, situation-independent broadcasts. In
the request-response approach, even infrastructure like RSUs
or MEC platforms can derive proposals on the subsequent
actions and distribute them to relevant vehicles. Infrastructure
involvement has the advantage that MEC servers usually
are computationally much more powerful and less resource-
constrained than vehicular computing platforms.

3) Centralized: In centralized architectures, a central unit
makes decisions on maneuvers. Examples are infrastructure
nodes like an RSU or a MEC servers or group leader vehicles,
e.g., a platoon head. Vehicles could dynamically elect such
group leaders for a specific period, but related issues, including
redundancy, leader election, and consensus mechanisms, are
beyond the scope of this paper.

In the case that one vehicle decides for others, as seen in
Fig. 8c, vehicles have to form a group or cluster and decide on
a trustworthy group leader. This act would authorize the group
leader to make decisions on behalf of other vehicles, except for
situations where an emergency maneuver has to be executed.
The proposals of the group lead would still be monitored and
checked by the individual vehicles in order to ensure their own
safety. Several studies focus on algorithms and protocols for
forming such groups for traditional VANETS, see for example
[71], [72] and the references therein.

If infrastructure is making the decision instead, it can be
used in several ways. First, equipped with high authority, a

MEC node may propose mandatory maneuvers to vehicles.
Based on its usually higher computational power, the infras-
tructure may optimize traffic even on a larger scale than single
vehicles. This optimization would have to be combined with
compulsorily following the proposals without renegotiation.
Here, making sure that the infrastructure is not tampered
with and malicious is very important. Another option is that
infrastructure can advise vehicles without being able to force
them (see [118] as discussed in Section IV), similar to what
we discussed in the previous section.

IV. COOPERATIVE MANEUVERS

Vehicles—mostly automated ones—will communicate to
coordinate maneuvers. This communication includes transmit-
ting intents and maneuver proposals, a joint — distributed or
centralized — evaluation, and procedures for negotiating and
agreeing on coordinated maneuvers. This chapter summarizes
and classifies approaches for enabling cooperative maneuvers
among vehicles, giving a short overview on papers in Table III.

A. Approaches

Various approaches have been proposed in the literature that
broadly belong to one of three categories: first, maneuvers
can be implicitly understood from communicating the ego
vehicle’s intent, for example, trajectories. Others, also sharing
their intents, can signal cooperation implicitly via changes
in these intents, for example, updated trajectories. Second,
vehicles can announce and negotiate maneuvers. Here, the
main difference is that the intents communicated by the first
vehicle, e.g., a trajectory or a maneuver, are explicitly accepted
by other vehicles. In a third approach, emergent cooperation
can happen without communication via predefined templates
or control logic installed in every vehicle. At the end of each
subsection, we highlight noteworthy contributions among the
surveyed papers.

1) Implicit: This class of approaches was initially proposed
by Lehmann et al. as Maneuver Coordination Service (MCS),
based on sharing planned and desired trajectories [55]. Noting
that studies had only proposed application-specific protocols
for cooperative maneuvers, they designed a generic approach.
Vehicles periodically broadcast their planned trajectories. Once
a vehicle wants to change its planned trajectory, for example,
when performing a lane change, it sends out the desired
trajectory along with the planned one. Other vehicles whose
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TABLE III
SUMMARY OF STUDIES ON COOPERATIVE MANEUVERS
Study Year Summary
Approaches
Implicit (Section IV-Al)
Lehmann et al. [55] 2018 Cooperative maneuvering based on periodic broadcast of current planned and desired trajectory.
Correa et al. [118] 2019 Enable RSUs to propose maneuvers, speeds, etc. for vehicles; based on the approach presented in [55].
Llatser et al. [107] 2019 Extend the approach of [55] to include costs along with several planned and desired trajectories.
Kessler/Knoll [119] 2019 Broadcast maneuver options and costs, use mixed-integer linear programming for optimization.

Diiring/Pascheka [114],
[120]

2014f Cooperative maneuvering via exchange of maneuver options and costs, introducing a “memory of costs.”

Moradi-Pari et al. [110] 2017 Exchange model parameters to improve prediction of other vehicles’ movements.

Explicit (Section IV-A2)
Franke et al. [121] 2014 Vehicles reach a common environmental model, then exchange cooperation offers among each other.
Hobert et al. [56] 2015 Enable cooperative lane change (CLC) via a request-response scheme for finding suitable partners.
Aoki/Rajkumar [122] 2017 Design a coordination protocol for lane merges among autonomous vehicles.
An/Jung [123] 2018 Enable CLC via requests containing a sampled lane change trajectory with binary reject/accept responses.
HeB et al. [115], [124] 2018f Cooperative maneuvering based on reservation of road space.
Sawade et al. [116] 2018 Cooperative maneuvering via negotiation of functions and roles, focusing on robustness.
Xu et al. [125] 2019 Adapt [55] to include request, promise, and confirm messages for negotiation of desired trajectories.
Maksimovski et al. [126] 2021 Adapt [55] to 12 subtypes of MCMs with different priorities.
Hifner er al. [117] 2020 Cooperative maneuvering and information exchange based on generic requests and responses.

Emergent (Section IV-A3)
Schwarting/Pascheka [127] 2014 Prediction of other vehicles’ behavior, then resolving all predicted conflicts based on a cost function.
Lenz et al. [128] 2016 Cooperative motion planning based on Monte Carlo Tree Search using a cooperative cost function.
Manzinger et al. [113] 2017 Increasing efficiency of motion planning algorithms by maneuver templates for emergency situations.
Peng/Tomizuka [129] 2018 Control algorithm for mixed human-automated vehicle traffic using MPC with persuasion and concession.

Planning of Cooperative Maneuvers (Section IV-C)

Burger/Lauer [130] 2018
Graf et al. [131] 2019
Huang et al. [132] 2019
Li et al. [133] 2017

planned trajectory intersects with the initiator’s desired tra-
jectory can then evaluate whether they can adjust their own
planned trajectory to enable the initiator to change its plan.
If this is possible, they adjust their planned trajectory; and
once no planned trajectories intersect with the new desired
trajectory, the initiator can make its desired trajectory its new
planned one. A challenge of this approach is the possibility
for other vehicles to trigger cascading processes to make the
desired trajectory possible, potentially leading to high latencies
before the initiating vehicle knows whether its maneuver is
viable.

Within the TransAID project, Correa et al. [118] extend
Lehmann et al.’s protocol to make it possible for infrastruc-
ture like RSUs to control traffic in a centralized manner.
The infrastructure proposes maneuvers via the MCM. In its
VehicleManeuverContainer, vehicles can include planned and
desired trajectories, while RSUs can suggest speeds, lane
changes, or automation state changes to vehicles.

In the IMAGInE project, Llatser et al. [107] adjust Lehmann
et al.’s approach differently by also introducing an MCM
format. In their distributed design, the MCM contains not
only trajectories but also associated costs, and vehicles send it
themselves. Another adaption is that vehicles can share several
alternatives and desired trajectories besides one planned one.
This gives receiving vehicles a better understanding of the
costs related to different maneuver options foreseen by the
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Generation of optimal trajectories based on mixed integer quadratic programming.

Single-vehicle trajectory planning for overtaking on highways.

Platoon controller combining discrete cooperative maneuver switching and continuous motion control.
Centralized controller for multiple vehicle CLCs involving standard formations and look-up tables.

sending vehicle. In their approach, these MCMs are also sent
periodically.

Another class of implicit approaches is based on the broad-
cast of information about vehicles such that every vehicle in
the vicinity has the same knowledge about specific parameters.

In Kessler and Knoll’s [119] approach, vehicles share
motion options and associated costs. Unconnected vehicles’
intentions are estimated locally. Subsequently, each vehicle
searches for the maneuver combination minimizing total costs
and follows the calculated trajectory for itself. The only com-
munication related to complex maneuvers evident from their
work are maneuver options and costs that vehicles broadcast
every time intents, i.e., costs associated with certain motion
options, change. The difference to Llatser er al. [107] is
twofold: first, there is no discrimination between planned,
desired, or alternative trajectories. Second, vehicles do not
share, e.g., changed planned trajectories to signal cooperation,
but rather every vehicle optimizes total costs, and vehicles
follow their calculated best trajectory independently. Their
approach mitigates the disconnect between strategical driving
decisions and actual maneuver control that is sometimes
present in automated driving algorithms by integrating both
into a “behavior coordination” module.

Like Kessler and Knoll, Diiring and Pascheka [114] present
a distributed algorithm to determine an optimal maneuver
combination based on costs for maneuver primitives: lane
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keeping and lane changes are parametrized via polynomial
coefficients. Vehicles share possible maneuvers with others
together with the associated costs. Every agent then calculates
the optimal, collision-free maneuver based on total costs
independently. However, their algorithm checks every possible
maneuver combination at every agent and is thus not real-time
capable for larger systems. In an extension of their work [120],
they have introduced a memory of costs to introduce fairness
into their system.

Independence of vehicles is also important in Moradi-Pari
et al.’s [110] approach. They use Auto Regressive-Exogenous
(ARX) models for small-scale structures of vehicle dynamics
like deceleration or acceleration. The respective model param-
eters for the current driving state are estimated by each vehicle
and then broadcasted to surrounding vehicles in order for them
to predict the respective movements more accurately. On the
other hand, each vehicle can perform an own maneuver based
on these predictions of others.

Prominent contributions: Lehmann et al. [55] were the first
to present a general, implicit way of coordinating cooperative
maneuvers. They did, however, not include a quantitative
evaluation of their proposal. While use cases like cooperative
intersection crossing have been investigated in research earlier,
Correa et al. [118] were the first ones who extended gen-
eral cooperative maneuvers to traffic infrastructure. Regarding
evaluation, Kessler and Knoll [119] introduce the ratio of par-
ticipants’ maneuvers’ costs as a measure of fairness. This ratio
could become one of several metrics for judging cooperative
maneuvers.

2) Explicit: Franke et al. [121] designed a protocol for
collective scene description combined with cooperative ma-
neuvering among automated vehicles. To this end, they pro-
posed a cooperative driver assistance system (CDAS) protocol
based on an exchange regarding the vehicles’ ego states as well
as perceived static and dynamic objects. Beyond the contents
of CAMs, they propose to share the objectives and hard and
soft constraints of each vehicle. After a vehicle determines a
conflict, it sends a Request for Cooperation Message (RCM).
Other vehicles can support building a collective scene descrip-
tion in the modeling phase, even though the authors do not
specify how to determine which information is helpful or what
gets shared by whom. Next, every vehicle calculates possible
offers for cooperation and sends an Offer for Cooperation
Message (OCM) such that other vehicles can evaluate all
other offers. After each vehicle has shared its evaluation via
an Evaluation of Cooperation Message (ECM), every vehicle
calculates the best alternative and sends an Accept Cooperation
Message (ACM). If a vehicle has not performed the evaluation
itself, it has to cross-check the proposed cooperation with its
own constraints and then send a Confirmation of Cooperation
Message (CCM). In the following acting phase, vehicles
used their local controllers for carrying out the maneuvers.
Meanwhile, Status of Cooperation Messages (SCMs) can be
used to adjust or replan the maneuver [121]. We exemplarily
display their message flow in Fig. 9. They did not include a
quantitative analysis in their publication, but it seems that the
exchange and feasibility check of every OCM with and by
every vehicle puts a heavy burden on the network as well as

the computing platforms in the vehicles.

HeB et al. [124] present an independent approach building
upon space-time reservation. When vehicles try to change
lanes or collisions are foreseen, they trigger a reservation
procedure for a certain part of the road track. This road area
may be static or even moving. The initiating vehicle sends a
request for its desired road space, and surrounding vehicles
may send a commit to express support for the reservation. In
the case that they refuse the reservation, no response is sent.
If not all vehicles considered necessary respond in time, the
initiating vehicle will not enter the road area it tried to reserve.
In every negotiation round, participants can only exchange
one request and several commits, and all communication
and negotiation happen between the initiator and respective
surrounding vehicles. They show the real-time performance
of their protocol by experiments and real-time simulations,
demonstrating that it is possible to reserve lane space and
negotiate for its usage [115].

Sawade et al. [116] developed their collaborative maneuver
protocol (CMP) with a focus on robustness. Maneuvers are
negotiated using a request-response scheme combined with
a heartbeat for synchronization. Describing maneuvers based
on functions and roles (e.g., leader, follower), they avoid
trajectories that would lead to frequent cancellations due to
deviations.

Xu et al. [125] concretized and extended Lehmann et al.’s
implicit approach [55] and made it explicit. Besides periodic
transmission of planned trajectories, they designed a request-
response scheme for maneuver negotiation. The initiator trans-
mits a request including the desired trajectory. Other vehicles
can answer by a promise to take one of several included,
i.e., offered, trajectories. From those answers, the initiating
vehicle will try to devise a conflict-free cooperative maneuver
and, if found, send it to the other vehicles via a confirm
message. They mention that these three messages are also sent
periodically.

Maksimovski ef al. [126] extend the same approach [55]
in another way, namely by adding priority levels to different
subtypes of MCMs. With increasing criticality level, vehicles
receiving an intent shall be more inclined to accept and
accommodate for another vehicle’s desired plan changes. They
do not describe how such an analysis or trade-off of interests
may work.

In order to provide a possibility to negotiate maneuvers not
only for the initiating vehicle but also for an ensemble of
participating vehicles, we developed the Complex Vehicular
Interactions Protocol (CVIP) [117]. It is based on the idea
that the initiating vehicle designs maneuvers for all relevant,
involved vehicles. These are put together as Maneuver Con-
tainers including the actions, the respective actors, as well
as relative or absolute timing and other information. The
vehicle then sends these containers in a Cooperative Request
Message (CQM) to others, who have to evaluate the proposal
instead of designing trajectories on their own and checking
them, effectively reducing computing effort at remote vehicles.
Their feedback, which can be simple acceptance or requests
for changes, are sent in a Cooperative Response Message
(CRM). Such negotiation goes on until a sent request is
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Fig. 9. Exemplary message flow of the cooperation protocol used by Franke et al. [121]. The white boxes describe functions executed by the involved
vehicles. The gray boxes above depict phases as envisioned by Franke et al. based on [134] (lower row) and according to Fig. 3 (upper row).

TABLE IV
COMPARISON OF SPECIFIC ASPECTS AND ARCHITECTURE OPTIONS OF EACH PROTOCOL
Protocol/ Year Predictability of Distribution of computational load Commun- Comput- Decision-
Message others’ reactions ication ation making
Implicit protocols
Vehicle models [110] 2017 X Equally distributed Decentr.  Decentr. Independ.
MCS (implicit) [55], 2018+ X HV calculates desired trajectory, RVs Decentr.  Decentr. Req. & React.
[107], [118] design reactions
Motion options and costs 2019 (V') (costs) Equally distributed Decentr.  Decentr. Independ.
[119]
Maneuver primitives and 2014+ (V) (costs) Equally distributed Decentr. Decentr. Independ.
costs [114], [120]
Explicit protocols
CDAS [121] 2014 (V') (constraints & ob-  HV triggering, then negotiation Groups Decentr. Req. & React.
jectives)

Merging [122] 2017 X HV proposes, RVs react Groups Decentralized Req. & React.
Space-time reservation 2018+ v (X if only own HV calculates desired trajectory, RVs Central. Central. or  Req. & React.
[115], [124] road space is reserved)  design reactions Decentr.
CMP [116] 2018 (V') (negotiated roles) HV proposes, all evaluate Groups Central. Req. & React.
MCS (explicit) [125], 2019 v (chosen HV calculates desired trajectory, RVs Groups Decentr. Req. & React.
[126] trajectory) design reactions
CVIP [117] 2020 v (agreed maneuver) HV proposes, all evaluate Groups Central. Req. & React.
CLCS [56] 2015 (V') (CLCS protocol) HV proposes, RVs react Groups Decentral. Req. & React.
CLC [123] 2018 X HYV proposes, all evaluate Groups Decentral.  Req. & React.

accepted without changes by every involved vehicle. In this
case, maneuver execution is initiated via a Maneuver Status
Message (MSM) comprising all planned actions together with
their current status, Planned. This and all other MSMs
are confirmed by a Maneuver Feedback Message (MFM)
from each receiving vehicle. Subsequently, whenever a vehicle
changes a maneuver’s execution status, this vehicle sends
out a respective MSM to update all others on the changed
status. Possible statuses comprise Planned, inProgress,
Finished, or Cancelled.

Apart from these general approaches, several studies have
designed application-specific, explicit protocols. Hobert et
al. [56] have designed a CLCS. In the initial Search Phase, a
vehicle trying to change lanes broadcasts a Lane Change Re-
quest, which vehicles willing to help answer by a unicast Lane
Change Response. Based on the received answers, the initiator
selects and announces a suitable partner. Once this matching
has finished, the partnering vehicle enters the Preparation
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Phase, opening a gap and adjusting its speed. When finished,
it sends out a Lane Change Prepared message. Following
this, the Execution Phase is entered, where no communication
occurs.

Aoki and Rajkumar [122] have designed the Autonomous
Vehicle Protocol for Merge Points, enabling vehicles on low-
priority lanes to merge onto high-priority lanes. It involves up
to ten different messages like enter, exit, and yield. In mixed
traffic, vehicles only use onboard sensors, while autonomous
vehicles also employ communication to coordinate. Via traffic
simulation, they confirm that their protocol improves traffic
flow when compared to first-in-first-out or purely priority-
based merging.

An and Jung [123] designed a different approach for a
cooperative lane change (CLC). When the V2V communica-
tion module receives a lane change trajectory from the local
planning module, it triggers a cooperative lane change. It
samples the trajectory and sends the position and heading
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angles at n discrete time steps in a Lane Change Request
message, together with information like an identifier and the
initiating vehicle’s dimensions. When other vehicles receive
such a request, they will evaluate the risk of collision and send
out positive or negative responses. If no negative responses are
received, the HV will proceed with the lane change. In any
case, the HV confirms the reception of the response via another
acknowledgment packet.

Prominent contributions: Hess et al. [124] wrote one of
only a few papers that included real-life experiments, showing
applicability on actual vehicles. This is the test that every
cooperative maneuver approach will have to pass to be suitable
for mass deployment. Xu et al. [125] compare their approach
with uncooperative benchmark scenarios and thus quantify the
benefit of cooperation for automated vehicles. These different
evaluation methodologies show that a standard set of metrics
for comparison of cooperative maneuvers is still missing; see
also Section VI-C5.

3) Emergent: The last class of approaches does not use
inter-vehicle communication, but cooperation is an emergent
result of collective behavior. Lenz et al. [128] have designed
a cooperative motion planning algorithm without inter-vehicle
communication, based on Monte Carlo tree search using a
cooperative cost function. Each vehicle tries to minimize its
own cost function, consisting of weighted terms for performing
lane changes, differing from desired speed, accelerating, or
distances from objects. Under the assumption that other vehi-
cles also search for minimal cost maneuvers based on their cost
functions, vehicles autonomously find a motion to perform.
Since other vehicles’ cost terms are only estimated, vehicles
monitor and account for deviations from expected behaviors.
Schwarting and Pascheka [127] present a similar approach,
minimizing a cost function based on predicted actions of other
vehicles and pairwise evaluation of related costs for highway
scenarios.

Manzinger et al. [113] focus on emergencies and propose a
different approach. They have designed Maneuver Templates,
common to all cooperative vehicles. Based on these, feasible
maneuvers are given to the maneuver planner to facilitate
planning in high-risk situations. If all vehicles know the same
maneuver templates, complex maneuvers could be envisioned.

Lastly, Peng and Tomizuka [129] present a cooperation
algorithm to enable the interaction of a human driver and an
automated vehicle. They set human drivers’ behavior as hard
constraints in an optimization problem, making automated
vehicles always yield to human drivers. They use persuasion,
i.e., favoring cooperative driving strategies and concession,
i.e., tuning the cost function weights. By this, their algorithm
can take different human driver behaviors into account.

Since there is no cooperation in the sense of message
exchanges involved in these solutions, it is only possible to
assume or try to predict others’ behavior. Communication-
based approaches try to use the advantages of interactions in
order to enable joint maneuvers involving all participants.

Prominent contributions: Most of the cooperative maneu-
ver approaches published only consider automated vehicles.
Therefore, Peng and Tomizuka’s [129] approach for reconcil-
ing human drivers and automated vehicles could become a

seminal paper for investigation of cooperation in mixed traffic
situations.

Table IV compares all surveyed implicit and explicit ap-
proaches concerning crucial aspects. Firstly, the better vehicles
can predict the future actions of others, the more confident
they can choose their own subsequent actions. Here, (v')
means a partial predictability of others’ reactions: known costs
or objectives of their driving options allow for estimation
of the most likely chosen maneuver, known roles provide
at least a coarse understanding of the future behavior, and
with the CLCS, the initiator knows that the maneuver partner
will open a gap, even if it remains unclear how long this
will take. Secondly, the approaches differ in how equally
computational load to reach cooperation is distributed. For
some, all participants draw their conclusions equally, while
with others, one vehicle—most commonly the initiator—has
a higher computational burden. Furthermore, the table lists
the envisioned architecture options described in Section III.
Since in implicit approaches the vehicles share data only about
themselves, like intents or model parameters, computation
and communication happen decentralized. Likewise, in explicit
approaches most often the potential participants communicate
as a group and request messages trigger the cooperative
maneuvers.

B. Categorization of Implicit and Explicit Approaches

In this section, we propose several aspects along which
to categorize cooperation protocols. Following these criteria,
Table V summarizes the properties of the surveyed protocols.
For this assessment, we took into consideration procedures as
described in the various publications. We excluded approaches
trying to achieve cooperation without communication because
the provided grouping based on communication protocol prop-
erties does not apply to proposals relying only on an intelligent
algorithm on each vehicle.

1) Exchanged Information: The first differentiation be-
tween protocols can be made based on what type of informa-
tion participants exchange. Some protocols, especially implicit
ones, work with the transmission of intended trajectories [55],
[107]. Another approach is to exchange explicit intentions,
for example, via a dedicated message or an abstract maneuver
representation [56]. One may argue that trajectories are also
explicit intentions, but we found it helpful to distinguish be-
tween the two. Trajectory descriptions are complex, requiring
many Bytes for describing them and are accompanied by
unsolved questions: “How many points and what time horizon
shall be transmitted?”, “What should be the time/space interval
between two waypoints?”, “Are those parameters static or
dynamic?” to name a few.

In contrast, explicit intentions represent maneuvers differ-
ently: for example, a code representing a particular maneuver,
plus specific parameters related to it. This approach neces-
sitates a standardized dictionary of maneuver representations
and possible parameters to ensure vehicles understand each
other. Dedicated messages, e.g., a Lane Change message, also
count as explicit intention. On the other hand, some proposals
are based on the exchange of entirely different information,
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TABLE V
CATEGORIZATION OF PROPOSED COOPERATIVE MANEUVER PROTOCOLS AND INVOLVED MESSAGES

Enables Exchange of

Protocol/ Trajectories Explicit Others  Grouping  Applicability Maneuver Transmission Detection of Need
Message Intentions Representation for Maneuver
Implicit protocols
Vehicle models [110] X X v X General None Event-based  No negotiation
MCS (implicit) [55], v X X X General Waypoints Periodic Desired intersects
[107], [118] planned trajectory
Motion options and v X v X General Waypoints Unknown No negotiation
costs [119]
Maneuver primitives X X v X General Parametrized Unknown No negotiation
and costs [114], [120] maneuver

primitives
Explicit protocols
CDAS [121] Unknown Unknown X X General Not specified Event-based  Application logic
Merging [122] X v X X Lane Merges Merge behavior  Event-based  Road topology
CMP [116] X X v Implicitly ~General Functions/roles ~ Event-based  Application logic

& periodic

Space-time reservation X v 4 v (for General Space-time box  Event-based  Application logic
[115], [124] initiator) of road space
MCS (explicit) [125], v X Implicitly ~ General Trajectories Event-based  Desired intersects
[126] & periodic planned trajectory
CVIP [117] v v v Implicitly =~ General Flexible Event-based  Application logic
CLCS [56] X v X v Lane Changes  Position & time  Event-based  Application logic
CLC [123] 4 X X Implicitly Lane Changes  Waypoints Event-based  Motion planner

like model parameters [110], or they combine maneuver op-
tions with costs or other additional information [119].

2) Grouping: While all interactions have to happen be-
tween more than one vehicle by definition, there is a difference
whether groups of vehicles are explicitly established or not.
In the first case, a formal group is set up before a maneuver is
discussed [102]. This step enables all vehicles to be aware of
maneuver partners. The second possibility is group forming
based on responses received from other vehicles, either via
the ego vehicle selecting partners [56] or via adjusting the
maneuver proposal [117]. In the third option, vehicles do not
form groups at all, and every cooperation happens completely
implicitly [107].

3) Applicability: Several studies have proposed application-
specific protocols [56], [123]. These may allow efficient pro-
cessing of information for their use case, but adjustments or
new applications may require a separate, specialized protocol.
General protocols [107], [115], [117] provide an alternative:
they trade off efficiency with a larger set of use scenarios
where participants can leverage the protocol with no or minor
adjustments.

This applicability extends to the aspects enabled by certain
protocols. While some can only be used for accepting the
initial vehicles’ maneuver [115], others can be used for deter-
mining all involved actors’ maneuvers [117]. Some protocols
also enable sharing information needed for a maneuver at
hand [117], [121].

4) Representation: Protocols can describe the actual ma-
neuvers to be performed in several ways. Application-specific
procedures may represent maneuvers directly via the types
of messages exchanged and the intrinsic knowledge about

how participants should execute the use case. In Hobert et
al. [56], a Lane Change Request stands strictly for a lane
change, and all surrounding vehicles will understand this based
on the protocol design. Likewise, the Lane Change Response
implicitly indicates that the sender will open a gap.

Several options exist for deriving more complex maneuvers.
Basic building blocks describe actions semantically. Another
way to describe maneuvers is via trajectories, this means
via time stamps and absolute coordinates or based on road
geometry like via Frenét frames [135]. A third description
is road space reservation, where the potentially moving road
space the vehicles will take up at a certain point or period
in time defines maneuvers [115]. While some protocols work
with different representations [117], other researchers have
developed theirs with a specific representation in mind [55],
[118].

5) Transmission Mode: The periodic broadcast of beacons
forms the basis of several protocols. CAMs/BSMs are ex-
changed by every V2X-enabled vehicle. Some studies propose
extensions to them or new messages that would share per-
ceived objects [136] or planned trajectories [107]. A different
approach is the exchange of messages on-demand [56], [117].

The beacon-based transmission uses bandwidth roughly
proportional to maneuver execution time, while demand-driven
approaches may need additional procedures to identify poten-
tial maneuver partners [117].

C. Planning of Cooperative Maneuvers

There are several proposals on how to plan cooperative
maneuvers. One advantage of implicit approaches is that the
sharing of planned and desired trajectories enables all vehicles
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to develop routes and trajectories that avoid collision while still
allowing for cooperation. The individual motion planning units
can plan routes and do not rely on confirmations by others.
The cooperative motion planning is thus very similar to the
“autarkic” one.

All other approaches need to find a way to determine
cooperative maneuvers opportunities. Stemming from control
theory, many procedures achieve this by optimizing different
cost functions. Burger et al. [130] consider a cooperative
cost function including terms for the individual vehicles and
for interactions among them. How the individual cost terms
should be combined is not stated. Kessler et al. [119] have
proposed to share motion options and associated costs between
vehicles. Vehicles subsequently minimize total cost, which is
a weighted sum of individual cost terms. In such approaches,
the vehicles potentially share information first, and then they
derive a local optimal driving strategy. In the desired optimal
case, this strategy—individually evaluated on each vehicle—
allows for accident-free driving for all.

For other approaches, the initiating vehicles need to identify
the need for a particular maneuver, e.g., a lane change. Once it
identified this need, several possibilities exist depending on the
protocol: with some approaches, the initiating vehicles propose
this maneuver to surrounding vehicles, which then have to
evaluate whether or not to cooperate, and if they choose to
cooperate, then have to decide what to do [56]. Other methods
place the burden of maneuver proposals on the initiator, who
should first design a maneuver for all involved vehicles [117].
In such approaches, the remote vehicles can usually propose
changes and adjust their part of the cooperative maneuver until
it is acceptable.

Unfortunately, many studies from the field of motion plan-
ning for automated vehicles do not identify what kind of
information would be most beneficial to get from other ve-
hicles or to what extent maneuvers should be negotiated. For
the most part, these studies do not consider the cooperative
case but answer a motion planning related question from
the point of view of one single vehicle. Graf et al. [131]
only initiate overtakes if the algorithm guarantees collision-
free, kinematically feasible trajectories at each planning step.
Huang et al. [132] have considered control via hybrid automata
for a cooperative platoon of vehicles. However, they do not
focus on communication or the protocol for data exchange
but instead model communication via a reliable and integral
exchange of certain vehicle-related status information similar
to BSMs. Based on these inputs, their controller generates
control outputs used for platoon steering. Li et al. [133]
have considered the problem of multiple vehicle lane changes
and propose a centralized online optimization algorithm min-
imizing a combination of execution time and drastic steering
angles. Their inputs are initial and target lanes, and they use
look-up tables to evaluate which vehicles should change lanes.
Gonzilez et al. [42] and Paden et al. [41] provide extensive
surveys on motion planning studies up to 2016. However,
their overviews do not contain any planning algorithms for
cooperative maneuvers.

As this section shows, there are a lot of different approaches
towards cooperative maneuvers. This diversity is beneficial

for finding reasonable solutions. However, in the end, players
should agree on the same approach to ensure interoperability,
at least within the big regions of the world.

V. STANDARDIZATION, ALLIANCES, PROJECTS

Along with the recent interest within the research commu-
nity, the standardization of advanced cooperation mechanisms
has also begun. Many industry alliances are related to the V2X
concept, and an increasing number of governments at all levels
(municipal, regional, national, and international) are funding
projects on this topic.

A. Current Standardization Efforts

Different standardization efforts are going on across the
globe. For a better overview, we split this section according to
the most relevant regions, namely the US, China, Europe, and
global associations. Where appropriate, we link the approaches
from Section IV-A pursued in the relevant standards develop-
ing organizations (SDOs). For an overview on standardization
regarding V2X in general, we refer the reader to [137]-[139].

1) United States: In the United States, most standard-
ization related to advanced V2X use cases is going on in
SAE International (SAE) [140]. More specifically, the V2X
communications steering committee (SC) [141] deals with
topics ranging from technological standardization [i.e., for
DSRC and cellular V2X (C-V2X)] to topics like tolling via
V2X. More specific to this paper, the Advanced Applications
technical committee (TC) is currently working on the standard
J3186 [142]. It describes a protocol for cooperative maneuver
negotiations with and without coordination by a central entity.
While there is no clear timeline published yet, it can be
expected that the TC will finish work on this standard project
by 2022. As of May 2021, the standard improves the space-
time reservation according to Hel3 et al. [124].

From the automated driving perspective, the SAE’s Driver
Assistance Systems SC [143] is publishing standards. Among
them, J3216 [144] is defining terms related to cooperative
driving. They divide cooperation into Class A (status sharing),
Class B (intent sharing), Class C (agreement seeking), and
Class D (prescriptive cooperation). While Class A entails
Day 1 cooperative awareness and Day 2 cooperative per-
ception, cooperative maneuvering as presented in this survey
is part of Class C. In J3216, Class C is only foreseen
for automated vehicles of Level 3 or higher as defined in
J3016 [145].

2) China: In China, many standardization organizations ex-
ist, which are drafting standards on different hierarchical levels
like group, industrial, or national standards. For V2X, mainly
two nation-wide SDOs are of special importance. Under the
Ministry of Industry and Information Technology (MIIT), the
China Automotive Technology and Research Center Co, Ltd.
(CATARC) [146] is concerned about all vehicle-related stan-
dards, while the China Communication Standards Association
(CCSA) [147] is focused on communication-related standards.
V2X as an interdisciplinary topic falls into the authority of
both these organizations.
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The MIIT strongly backs standardization for CCAM, as
published in their Construction Guidelines for a standards
system for intelligent and connected vehicles (ICVs) [148].
In 2017, a standard describing basic safety use cases
called “Phase 1” and their minimum requirements was pub-
lished [149]. Currently in 2021, both the CCSA and CATARC
are working on “Phase 2” standards. These describe advanced
use cases like cooperative lane change, cooperative sensing, or
cooperative intersection crossing, without mentioning any spe-
cific protocols like the ones in Section IV-A. Chen et al. [150]
also elaborate on the Chinese standards development, besides
mentioning deployment projects and current developments in
general.

3) Europe: For Europe, most standards regarding V2X,
from network to application layer, are written by the European
Telecommunications Standards Institute (ETSI) [151]. In ETSI
especially, several current projects are related to advanced use
cases. TS 103 561 [152] is based upon the work done by
Lehmann et al. [55] with the first author being rapporteur for
the work item. The goal is to describe a Maneuver Coor-
dination Service involving the sharing of trajectories similar
to Lehmann ef al.’s approach. Recently, ETSI delegates also
drafted TR 103 578 [153] regarding this topic. In parallel, TS
103 324 [154] and TR 103 562 [155] describe the Cooperative
Perception Service based among others on Glinther et al. [136].

4) Other Countries: Other countries have also identified the
need for establishing a cooperative intelligent transport system
(C-ITS). Nevertheless, their development is generally not as
progressed as in the regions mentioned above. For example,
in Korea the Ministry of Land, Infrastructure and Transport
(MOLIT) is leading C-ITS activities, and ITS Korea [156]
under it is responsible for standardization. Published in 2020,
a news report [157] shows recent standardization and research
projects, also mentioning cooperative driving. However, to the
authors’ best knowledge, there are no standards published yet
on the topic.

5) Global: As the primary source of lower layer mobile
communications standards, the 3GPP is currently developing
their Release 17 specifications. 3GPP focuses mainly on the
physical and MAC layers, therefore they will likely not in-
troduce specifications for advanced V2X use cases or applica-
tions. However, requirements like in the “LTE support for V2X
services” [109], derived from use cases, will influence work
items trying to facilitate and improve advanced cooperation.
Also, once specific approaches towards cooperative maneuvers
are standardized, 3GPP may investigate how to add facilitators
for these mechanisms in future releases.

In the International Organization for Standardization
(ISO) [158], standardization on ITS is happening in ISO TC
204 [159], on a much more abstract level. In 2019, ISO17515-
3 [160] was published specifying LTE-V as a possible access
technology for ITSs.

Standards specifically for cooperative maneuvers are cur-
rently not aligned on a global scale. One reason may be that
there is still little experience with cooperative maneuvers and
which approach may be superior, if any. Therefore, each region
standardizes a different approach just as they had specified
different C-ITS message formats in the past. Since every

region—the United States, China, and Europe—constitutes an
extensive, isolated system with only a few vehicles driving
from one to the other, the national standardization orga-
nizations do not pay much attention to interoperability on
application or network layer. This differs from the globally
harmonized development of mobile communications arising
from increased traffic of people with mobile devices between
the continents. Thus, interoperability seems to be of less
concern for the moment, even though it should be a goal for
the mid-term future.

As more research on cooperative maneuvers is published,
this may also still affect standardization on that matter. Es-
pecially delivering objective criteria for a benchmark and
comparisons of approaches seems to be necessary to choose
optimal approaches for standards on cooperative maneuvers,
see also Section VI-CS.

The normal mode of cooperation among SDOs is liaison
statements, for example, to request a foreign standard doc-
ument and incorporate aspects of it in their own standards.
However, since the approaches pursued in the different SDOs
differ substantially, the cooperation seems not as close for
cooperative maneuvers as it is in other fields.

B. Involved Industry Alliances

Since V2X is an interdisciplinary subject, it was recognized
early on that cross-industry alliances developing input for
SDOs are valuable and necessary. The Car-to-Car Commu-
nication Consortium (C2C-CC) [161] was established as early
as 2002. Mainly active in Europe, they develop specifications
for the operation of V2X, harmonize ideas, e.g., from research
projects, and propose work items for SDOs [162]. They
are currently working on version 2.0 of their Basic System
Profile [163] targeting Day 2 services. As of May 2021, they
did not release further details or documents on version 2.0.

Since motorcycles are often involved in fatal accidents, and
yet their requirements are very different from four-wheelers,
the Connected Motorcycle Consortium (CMC) [164] was set
up in 2016. To promote safety for motorcycles, the CMC
develops connectivity solutions for future C-ITSs. Because au-
tomated motorcycles are currently not under development, it is
unclear whether the CMC will develop their own contributions
for advanced cooperation. However, once SDOs and other
organizations start to evaluate approaches on cooperation, the
CMC may provide input for the applicability of the proposed
solutions to the two-wheeler domain.

Also, in 2016, members from the automotive and telecom-
munication industries created the 5SG Automotive Association
(5GAA) [165], which now counts more than 130 members
from both industry verticals. They published an industry road
map of advanced use cases’ mass-market deployment [3].
Another white paper describing such use cases including
service-level requirements (SLRs) is under preparation [166].

Also related to mobile communications is the Next Genera-
tion Mobile Networks (NGMN), an alliance of mobile network
operators and manufacturers founded in 2006 [167]. In 2018,
they published a white paper on V2X [168]. No dedicated
activities of NGMN towards cooperative maneuvers are known
to the authors.
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All of the above organizations do not directly set standards,
but they deliver input to SDOs. Besides those registered
associations, Cusumano [1] mentions AD-related industry
partnerships.

C. Government Supported Activities

Around the globe, governments are beginning to set up pilot
projects with V2X deployments. Masini et al. [169] give an
overview on government activities related to possible V2X
mandates as of 2018. We will thus concentrate on newer
activities and projects that involve cooperative maneuvering. In
China especially, automation and connectivity are approached
holistically, so the government will probably soon support
cooperative maneuvering for automated vehicles as a next step.
The National Development and Reform Commission (NDRC)
published a “Strategy for Innovation and Development of
Intelligent Vehicles” in February 2020 [170], and together
with the MIIT’s guidelines on vehicle management [171],
these documents underline the expectation of the Chinese
government to accelerate the development of V2X in China,
especially in combination with AD. For Europe, Botte et
al. [172] show that most governmental deployment activities
are focused on Day I and Day 1.5 use cases.

Publicly funded projects related to V2X have existed for
the last 2-3 decades. However, only a few newer ones involve
advanced Day 3/4 vehicular cooperation. We present them in
chronological order of the funding period.

The European Autonet2030 project [173] (2013-2016) has
investigated control and communication mechanisms for the
use cases convoy driving, merging, and splitting as well as
cooperative lane change [56].

The German IMAGinE project [174] (2016-2022) is con-
cerned with assistance systems for cooperative driving. One
outcome of this project was the implicit maneuver coordina-
tion based on trajectory sharing [107]. They considered six
cooperative use cases on rural and highway roads.

While focusing on transitions between automated and non-
automated driving states and infrastructure assistance, the
TransAID project [175] (2017-2020) also proposed the intro-
duction of the MCM for infrastructure advice to vehicles [118].

The AUTOPILOT project [176] (2017-2020) tries to embed
automated vehicles into the Internet of things (IoT) based on
the oneM2M platform [177], enabling sensor sharing with
traffic lights, road sensors, and city cameras [178]. Their use
cases include platooning and urban pedestrian detection.

The 5GCAR project [179] (2017-2020) designed, among
others, a centralized lane merge traffic coordinator [112]. It
takes unconnected and connected vehicles into account, but
cooperation among vehicles is not the project’s focus.

In the US, the Crash Avoidance Metrics Partnership
(CAMP) [180] was formed in 1995 and has since conducted
several research projects on vehicular safety, including V2X.
One of their newest projects, cooperative automated driving
systems (CADS) [181] (2018-2020), together with the Federal
Highway Administration (FHWA), tries to augment CACC
with information from the infrastructure. On the government
side, the Federal Communcations Commission (FCC) issued

a Notice of Proposed Rulemaking (NPRM) on the use of the
5.9 GHz band in 2020, that assigns formerly DSRC spectrum
to commercial WiFi as well as C-V2X [182].

The 5SG-CARMEN project [183] (2018-2021) tries to eval-
uate the benefits arising from 5G for AD. One of their four
use cases is CLC, which they try to enable via a MEC server.

In Japan, the Strategic Innovation Promotion Program Au-
tomated Driving for Universal Services (SIP-adus) [184],
funded by the cross-ministerial Council for Science, Technol-
ogy and Innovation (CSTI), is developing automated driving.
Its Phase 2 from 2019 to 2022 pilots AD in Tokyo for
dynamic traffic information. They seemingly do not focus on
communication and cooperation.

Those activities show that governments around the globe
are interested in adopting V2X. How easily this will happen is
still unclear since they need to resolve several practical issues.
Partly, funded projects address these. Exemplarily, we name
three such challenges. Firstly, it has to be legally allowed to
use V2X in a country, i.e., sending on a specific frequency
band for the purpose of a C-ITS. The mentioned FCC NPRM
achieves this for LTE-V in the US. As long as no spectrum
is assigned, the adoption of technology will be impossible.
This is also true for advanced use cases which may need to
use 5G-V2X, a technology for which currently no spectrum is
assigned. Besides, the security credential management systems
(SCMSs) envisioned for V2X are currently not in place in
all relevant world regions. Most of the involved entities, e.g.,
root certification authorities, should be independent, poten-
tially government-run bodies. However, necessary institutions
and communication channels do not yet completely exist. A
third challenge for the adoption of V2X is the customer. In
Europe, sending out vehicle data is subject to the General Data
Protection Regulation (GDPR) [185]. Therefore, in its current
implemnetation, e.g., in the VW Golf VIII, drivers have to
activate V2X in their cars and can deactivate it at any time.
For V2X to become prevalent, citizen support and willingness
is thus crucial.

VI. OPEN PROBLEMS AND FUTURE DIRECTIONS

Efforts are still necessary that will enable vehicular cooper-
ation to become a reality. Some important ones are discussed
below, chosen according to relevance as perceived by the
authors and listed without prioritization. We concentrate on
research aspects related to vehicular communication and omit
purely AD-related ones like good motion planning algorithms.

A. Lessons Learned

Before presenting future directions, we summarize findings
we gained from writing this literature review, adding our
interpretation of the status quo.

Regarding architectures, a lot of research exists for traffic
infrastructure to assist on large-scale traffic flow optimization,
but not so much on smaller-scale decisions and facilitation,
see Section VI-B3.

Most cooperative maneuver approaches mainly consider
V2V communications. Studies present various proposals with
different strengths and weaknesses. A next step could be to
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find synergies between approaches, thus enabling harmonizing
standardization of different world regions.

Another missing aspect is the topic of safety, security,
and privacy for cooperative maneuvers. For basic safety, this
discussion is still not concluded, but for cooperative maneuvers
it seems to just have started. When to switch certificates
during or in between maneuvers, how to identify and avoid
misbehavior, and how to prevent cooperative maneuvers from
failing are just a few of the questions in this field. Hifner et
al. [186] started looking into the latter question by suggesting
mitigation mechanisms for several failure risks.

Lastly, even if studies have suggested many generally ap-
plicable protocols, the evaluation has been mostly restricted to
specific scenarios: most prominently cooperative intersection
crossing and lane change.

Next, we list the challenges that, in our opinion, need to be
addressed regarding cooperative maneuvers.

B. Cooperation Architectures

Different architectures have been designed, but it is impossi-
ble to account for all aspects of future architectures at present.

1) Coevolution of Use Cases and Communication Technolo-
gies: Researchers should develop advanced communication
technologies for future use scenarios. With the advancement of
5G-V2X, new possibilities will open up [187], [188]. It is clear
that a technology choice made once cannot be suitable for all
future applications. Next-generation communication technolo-
gies thus need to match expected use cases. If multiple RATs
are in use, the second challenge will be enabling switching
between technologies or mediating their coexistence. Whether
a disjoint mapping of use cases to communication technologies
(e.g., LTE-V2X for basic safety, 5G-V2X for maneuver coor-
dination, 6G-V2X for even other use cases) is the best option
has not yet been shown. If new technologies enable use cases
already in the field, interoperability and compatibility will need
to be ensured.

2) Mixed Traffic: Mixed traffic between connected and
legacy, unconnected vehicles will be a challenge. Vehicles
that cannot interact with connected vehicles can be considered
obstacles. However, participation in the V2X ecosystem, e.g.,
via manufacturer backends or drivers’ smartphones, would
increase the penetration rate and benefit all traffic participants.
Such integration may yield additional requirements for archi-
tectures.

Connected vehicles equipped with earlier versions of a co-
operation protocol or low processing capabilities add another
dimension of mixed traffic. Future studies should investigate
potential ways of interaction with newer, more capable traffic
participants.

3) Involvement of Infrastructure: Involving MEC servers
may benefit vehicular cooperations. For cooperative percep-
tion, additional computing power and sensors can help recog-
nize dangerous situations, but it is unclear how to involve them
for cooperative maneuvers. RSUs may propose actions, but
every vehicle itself should make the final decision on driven
maneuvers. The challenge of handovers between edge nodes
also needs to be considered. Potentially, computation and

communication overheads outweigh the benefits of increased
capabilities, but research has to investigate this.

4) Assessment of Architectures: Metrics to compare archi-
tectures for cooperative maneuvering are still unclear. Ar-
chitectures suitable for distinct use scenarios but should be
extensible to new use cases and communication technologies.

5) Size and Scalability: Most approaches for cooperative
maneuvers were evaluated on simple scenarios using a few—
typically 1 to 5—uvehicles. Depending on the envisioned
architectures for communication, computation, and decision-
making, they may scale better or worse. When every vehicle
decides on own actions, it may be easier to cooperate in
large groups due to computational feasibility. On the other
hand, message exchanges beween maneuver participants may
render large groups intractable due to lossy channels. Héfner
et al. [117] performed an initial quantitative analysis for the
CVIP protocol on how the number of messages exchanged
scales with the number of maneuver participants. However,
a detailed analysis and comparison of how well different
approaches and also different kinds of architectures scale
and what advantages such scalability delivers is still an
open research question. This question could be addressed in
conjunction with general assessments on how practical given
architectures are for real-world deployment, including large-
scale, long-term testing.

C. Cooperative Maneuvers

Researchers should address the following open questions
regarding cooperative maneuvers.

1) Cooperation Logic: In the 1oV, it is essential to evaluate
information’s value before including them in the own driv-
ing strategy. For vehicle chains, Zhang designed a selection
strategy on when to include information received over V2V
into the decisions on acceleration or deceleration [189]. For
cooperative maneuvers, researchers need to find approaches
on how to assess proposals or requests from others. Currently,
trajectory assessment is possible for the ego vehicle, but no
method exists to evaluate whether an adjusted trajectory is
worth driving to enable cooperation or not. In the best case,
such assessment should take the overall benefit of cooperation
into account, not only the advantages for the ego vehicle.

2) Application Logic: Decision strategies exist for initiating
AD maneuvers like lane changes [190]-[192], partly involving
information received via V2V [193]. With cooperative maneu-
vering, this is still lacking. For trajectory broadcasts, the HV
needs to hope that RVs are willing to cooperate in the case
of trajectory conflicts. Other approaches [115], [117] allow
coordination among actors, but calculating proposals increases
the HV’s computational load. No study has yet described a
strategy to ascertain whether a situation is worth the effort of
finding a suitable complex maneuver to perform.

3) Choice of Maneuvers and Grouping: Vehicles may have
to choose among maneuver options involving different sets of
RVs. It is unclear how to prioritize them. Depending on the
cooperation protocol, strategies of different complexity may
have to be applied. In explicit approaches, the HV needs to
assess before sending out a request. In implicit ones, it needs
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to consider the expected willingness of RVs when choosing
which trajectory to send. A suboptimal trajectory may be
more likely to be accommodated for and may thus be more
successful than one minimizing the HV’s costs. Here, either
prediction on cooperation evaluation on the RVs or exchanges
of model parameters analogous to [110] may be necessary.

It is not clear how to find optimal group sizes for certain
maneuver types, situations, or cooperation protocols. Bigger
groups are usually harder to maintain and synchronize, but the
cooperation protocol and communication technologies used
may influence feasible group sizes.

4) Combining Cooperative Maneuvering and Perception:
Cooperative maneuvers could often benefit from additional
information. We [117] combined maneuvering and information
exchange, but several challenges still need to be addressed:
How to assess the relevance of information is not clear, despite
early approaches for Day I like Adler et al. [194]. A method
is needed to determine information from the infrastructure,
RVs, or the HV that would benefit a situation. Additionally,
studies should compare integrated approaches like in our
work [117] to dedicated protocols for cooperative maneuvering
and perception.

5) Evaluation of Cooperation Protocols: 1t is unclear which
cooperation protocol is most suited for large-scale imple-
mentation. Some studies extend standardized messages, and
others design new ones. Also, metrics to evaluate coopera-
tive maneuver protocols are still missing. Studies emphasize
communication metrics, employ traffic metrics, or show that
their real-world setup is working. Some lack evaluation. Some
studies include application requirements in an evaluation, e.g.,
Sepulcre and Gozalvez [195] for congestion control, or Jacob
et al. [196] for communication profile selection, but not yet
for cooperative maneuvers.

Such objective and generally applied benchmarks would
also allow for comparing the computational resources needed
for each cooperative maneuver protocol. Since these may
differ, the protocol complexity potentially directly impacts
hardware decisions and the most suitable (computation) ar-
chitecture for cooperative maneuver deployments. Only a
comparison of different approaches on similar hardware will
show what requirements cooperative maneuvers pose to the
onboard hardware and whether current products can already
fulfill them.

Many open source datasets (cf. [48]) and benchmarks (e.g.,
CommonRoad [197]) exist for AD. As of 2021, none of these
include cooperative maneuvers.

6) Implications of Cooperation for safety of the in-
tended functionality: safety of the intended functionality
(SOTIF) [198] is an important aspect for AD: ADASs have
to ensure that actions will not lead to accidents or damage.
Vehicles have to keep safety distances to objects to ensure that
a stop or an evasive maneuver is possible even when surround-
ing vehicles behave unexpectedly. Some studies use formal
methods for such an assessment [199]-[201]. Cooperative
maneuvering may improve situation assessment, shortening
necessary safety distances.

However, most systems evaluated from a SOTIF perspective
are closed systems like a single vehicle. With cooperative

maneuvering, a whole system of systems may have to be
evaluated, rendering the assessment potentially more complex.

7) Security and Privacy: public key infrastructure (PKI)-
based SCMSs including certificate revocation are foreseen
for basic safety applications [202], [203]. Currently, it is
unclear whether these mechanisms will suffice also for more
advanced scenarios. Research exists on certificate change
mechanisms [37], but cooperative maneuvers impose new
requirements: can pseudonyms or certificates be exchanged
during execution of a manuever? Cooperation also makes new
sorts of attacks possible: depending on the protocol and the
communication architecture used, attackers could send bogus
requests to make cooperation possible.

Besides, the PKI serves the purpose of introducing
anonymity [36]. However, for cooperative maneuvers the ve-
hicles need a way to clearly identify and address potential
maneuver partners. These are two conflicting interests that
need to be resolved.

8) Trust: While systems such as PKI mentioned in the
last section can improve authenticity and privacy, they do not
provide measures to ensure the correctness of sent data. Such
mechanisms would be needed to establish trust in other entities
in the vehicular network.

Literature categorizes trust as entity-based, data-based, or
combined trust [34]. Approaches to estimate or achieve trust
exist for CAMs/BSMs and collective perception mechanisms,
for example based on pair-wise comparison of provided infor-
mation [204] or on fusion with local sensor data [205].

It is currently unclear whether such an approach is also
sufficient for interactions requiring potentially different sorts
of trust. Trust concepts for applications beyond Day 2 not
only need to verify that the information another vehicle sends
is correct but also that it will perform the actions as committed
to via the cooperative maneuver protocol. Promising ideas
include “trust accounts” where vehicles could accumulate
points for having performed as expected and would spend
points for triggering cooperative maneuvers; or increasing
liability, for example, via distributed ledgers and blockchain
technologies [206]. However, this is not yet a satisfactory
solution, as the problem of cheating once after a long pe-
riod of good behavior cannot be mitigated. Such conduct is
unacceptable in cooperative maneuvers, as it may have dire
consequences.

As this section showed, many questions are still unanswered
by research. For some, promising ideas exist, while others
seem relatively untouched, yet.

VII. CONCLUSION

In this survey paper, we summarized current research re-
lated to advanced vehicular cooperation. We have shown that
several different approaches towards cooperative maneuvers
for automated vehicles exist. It is not yet clear which of
the approaches built on different architectures will be most
beneficial. Similar to basic safety V2X, avoiding regionally
different solutions requires globally aligned development and
standardization. However, to optimally decide on realizations,
a significant amount of additional research is still needed. We
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have pointed out several research challenges to encourage the
community to rivet their attention to required advancements.
With joint efforts, advanced cooperation among automated
vehicles can and will soon become a reality.

APPENDIX

List of acronyms:

3GPP
5G
SGAA
AD
ADAS
BSM
C2C-CC
CACC
CADS
CAM
CAMP
CAV
CATARC

CCAM
CCSA
CDAS
C-ITS
CLC
CLCS
CMC
CMP
CQM
CRM
CSTI
C-v2X
CVIP
D2D
DSRC
EC
ETSI
FCC
FHWA
GDPR
HV
ICN
ICV
IEEE
IoT
IoV
ISO
ITS
LTE
LTE-V
MAC
MCM
MCS
MEC
MIIT
MFM
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Third Generation Partnership Project

Fifth Generation Cellular Communication

5G Automotive Association

automated driving

advanced driver assistance system

Basic Safety Message

Car-to-Car Communication Consortium
cooperative adaptive cruise control

cooperative automated driving systems
Cooperative Awareness Message

Crash Avoidance Metrics Partnership
connected and automated vehicles

China Automotive Technology and Research
Center Co, Ltd.

cooperative, connected, and automated mobility
China Communication Standards Association
cooperative driver assistance system
cooperative intelligent transport system
cooperative lane change

cooperative lane change service

Connected Motorcycle Consortium
collaborative maneuver protocol

Cooperative Request Message

Cooperative Response Message

Council for Science, Technology and Innovation
cellular V2X

Complex Vehicular Interactions Protocol
device-to-device

dedicated short-range communication

European Commission

European Telecommunications Standards Institute
Federal Communcations Commission

Federal Highway Administration

General Data Protection Regulation

host vehicle

information-centric network

intelligent and connected vehicle

Institute of Electrical and Electronics Engineers
Internet of things

Internet of vehicles

International Organization for Standardization
intelligent transport system

Long-Term Evolution

vehicular LTE

medium access control

Maneuver Coordination Message

Maneuver Coordination Service

multi-access edge computing

Ministry of Industry and Information Technology
Maneuver Feedback Message

MOLIT Ministry of Land, Infrastructure and Transport
MPC model predictive control

MSM Maneuver Status Message

NDRC National Development and Reform Commission
NGMN  Next Generation Mobile Networks
NPRM Notice of Proposed Rulemaking

PDR packet delivery ratio

PER packet error rate

PKI public key infrastructure

RAT radio access technology

RSU road side unit

RV remote vehicle

SAE SAE International

SC steering committee

SCMS security credential management system
SDO standards developing organization
SLR service-level requirement

SOTIF safety of the intended functionality
TC technical committee

V21 vehicle-to-infrastructure

V2N vehicle-to-network

V2P vehicle-to-pedestrian

V2V vehicle-to-vehicle

V2X vehicle-to-everything

VANET  vehicular ad-hoc network
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