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Abstract—Traffic efficiency and air pollutants are major issues
in urban transport systems, as they are critical points for traffic
flows and people living in urban areas, respectively. In response
to this challenge, connected and autonomous vehicles (CAVs)
have garnered increasing attention, with the potential to address
the above challenges through cooperative maneuvering and real-
time communication. In this paper, we consider an intersection
served by a multi-access edge computing (MEC) where CAVs
communicate with a controller to pass the intersection without the
need of signals and without stopping unless in presence of heavy
congestion. For this purpose, we propose a first-in-first-scheduled
(FIFS) algorithm, and we specify the communication protocol for
its practical implementation. The solution is validated through
simulations with varying traffic densities, showing that it provides
significant gains in travel time and emissions compared to both
uncontrolled intersections, with or without traffic lights, and a
benchmark solution derived from the literature.

Index Terms—Maneuver coordination, intersection manage-
ment, V2I, traffic efficiency.

I. INTRODUCTION

Lowering traffic congestion and pollutant emissions cur-
rently rank among the biggest challenges in urban areas. In
addition to an estimated total of 54 extra hours per year
spent by drivers in traffic congestion [1], the World Health
Organization (WHO) [2] reports 7 million deaths caused by
air pollution every year.

Recently, connected and autonomous vehicle (CAV) tech-
nologies presented a promising avenue for improving traffic
efficiency while mitigating pollutant emissions. These solu-
tions, leveraging advancements in artificial intelligence, sensor
systems, and vehicle-to-everything (V2X) communications,
offer the potential to revolutionize the management of intersec-
tions and other critical road segments by enhancing situational
awareness, optimizing traffic flow, and reducing emissions.
Recognizing the urgency of addressing intersection issues, the
research community has mobilized efforts at an international
level to explore innovative solutions [3]-[7].

In this context, standardization entities such as the So-
ciety of Automotive Engineering (SAE) and the European
Telecommunications Standards Institute (ETSI) are playing a
pivotal role in shaping the landscape of V2X standardization.
In addition to established solutions for cooperative aware-
ness and ongoing work on sensor sharing, an aspect that is
recently receiving attention is the definition of standards to

enable maneuver coordination. In particular, SAE published
the maneuver sharing and coordinating service (MSCS) in
SAE J3186 and J3216 [8], [9], while ETSI is working at the
manoeuvre coordination service (MCS) in the ETSI TR 103
578 and TS 103 561 [10], [11]. These documents define the
messages and protocols enabling vehicles to coordinate their
actions and include the intersection as one of the main use
cases. It is important to underline that these standards do not
propose actual traffic management algorithms.

On the one hand, standards are being defined to support
coordinating messages; on the other hand, researchers are
identifying algorithms to optimize the use of intersections with
or without the presence of signals and traffic lights. Rele-
vant studies are those about the optimization of traffic lights
through the green light optimised speed advisory (GLOSA)
application [12] or about virtual traffic lights (VTLs) [13]-
[15]. More recently, looking at scenarios where only CAVs
will be allowed to circulate in some areas, studies have been
devoted to the case of signal-free intersections with maneuver
coordination to pass the intersection [16]-[21]. However, most
of the proposals in the literature either concentrate on the com-
munication protocol or on the control algorithm to optimize
the use of the intersection; in either case, the other aspect is
simplified or not detailed.

In this work, we design and validate a cellular-based first-in-
first-scheduled (FIFS) algorithm that allows vehicles to cross
an unregulated intersection without the need to stop, unless
the intersection is heavily congested. The contribution of this
work can be summarized as follows:

o we propose a novel FIFS algorithm for scheduling ve-
hicles at signal-free intersections which advances the
existing literature by: (i) also considering cars turning at
the crossroads, which is not always considered in related
work; (ii) including a single trajectory definition schema
for preventing vehicles to modify their trajectory multi-
ple times before reaching the intersection; (iii) allowing
CAVs to independently choose their motion pattern for
reaching the intersection, considering that every CAV has
its own motion characteristics;

o we detail the communication protocol between the ve-
hicles and an intersection controller to implement the
proposed algorithm in practice;



o we show the performance of the proposal through sim-
ulations in a realistic intersection with variable vehicle
density, demonstrating reduced travel time and lower
emissions.

II. RELATED WORKS

In recent years, several studies have started focusing on
cooperative maneuvers at intersections, suggesting different
crossing procedures. Among relevant surveys on this topic, [3]
presents use cases for maneuver coordination in general,
while [4]-[6] focus on cooperative intersection management,
discussing the possible goals, the intersection modeling, the
coordination architectures, the scheduling policies, the wire-
less technologies, as well as the challenges of supporting
human-driven vehicles or security concerns and attack models.
Beyond surveys, a relevant group of technical works focused
on signal-free intersections, trying to minimize the stopping of
vehicles through their trajectory optimization. Among these, a
reservation-based intersection control mechanism is proposed
in [16], in which the intersection is subdivided into slots that
can be reserved upon request by vehicles with a first-in-first-
out (FIFO) approach; the simulated vehicles, however, can
only go straight at the intersection, and turns are not envi-
sioned. The same simplification is applied in [17], which aims
not only to minimize travel time but also to optimize energy
in a decentralized way. A subsequent study [18] extends this
framework, including also trajectories with turns. Additional
studies have then investigated the possibility to relax the FIFO
structure and introduce re-sequencing: in [19] the authors
foresee the computation of a new crossing sequence each time
a new vehicle enters the control zone; in [20], a vehicle can
reserve slots inside the intersection, and collision avoidance
can be performed by connecting and cooperating with vehicles
having conflicting paths. A comparison of different proposals
in terms of travel time, energy consumption, computational
time, and fairness was finally presented in [21], where the
considered strategies are differentiated in strategies with and
without re-sequencing on the basis of their approach to the
scheduling problem. As a conclusion, it was shown that re-
sequencing is able to overcome some limitations of the FIFO
approach; however, proposals that encompass the possibility
of modifying the trajectory of a vehicle multiple times before
it crosses the intersection could be a critical aspect when
considering the design of communication protocol for a real
implementation, which is an aspect not addressed in these
works.

Unlike previous works, in this paper we design and validate
a FIFS algorithm and the related communication protocol,
allowing vehicles to cross the intersection without the need to
stop (unless the intersection is heavily congested), yet based
on a single trajectory definition phase.

III. MODEL DESIGN

Though we can claim that the proposed solution is appli-
cable to different types of intersections, in this paper we will
provide a detailed description of the algorithm focusing on
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Fig. 1. Intersection model with control zone and conflict subzones.

a classic single-lane, four-way intersection. The extension of
the algorithm applied to different intersection types is left for
future investigation.

The intersection is organized in a control zone and in a
conflict zone, which is in turn divided into conflict subzones,
as depicted in Fig. 1. The control zone is the area within
which the control algorithm applies; more specifically, when
a vehicle enters the control zone the algorithm starts. The
junction itself is then the so-called conflict zone, which is the
area where lateral collisions may occur. The conflict zone is
further subdivided into conflict subzones. Each subzone can be
occupied by only one vehicle at a time, but one car occupies
two subzones during the transition from one to another.

Only CAVs operating with vehicle-to-infrastructure (V2I)
communication will be considered in our scenario. The in-
tersection area is assumed to be entirely covered by an
infrastructure, for example, a road-side unit (RSU) or a
cellular base station. The area is also served by a multi-
access edge computing (MEC) server, guaranteeing limited
end-to-end delay and hosting the intersection controller, or
simply controller. In particular, we envision having CAVs
communicate with the controller using standard messages
dedicated to coordinated maneuver, like the SAE or ETSI
maneuver coordination messages [8], [10], [11] exploiting the
concept of target road resource (TRR) to reserve the conflict
subzones as scheduled.

The trajectory definition is performed by each vehicle
independently from other vehicles, following the scheduling
imposed by the controller. This makes the algorithm easier
to implement in practice since each CAV may have different
characteristics and therefore operate in a different way.

Before detailing the algorithm in Section IV, we introduce
the control constraints applied in the model. In particular:

o The initial position corresponds to the entrance of the
control zone and is indicated as p(tg) = 0 m, at time tg;
e The vehicle reaches the conflict zone at time tcz, with



final position p(tcz) = L; please note that L is a
fixed value for a given intersection indicating the control
zone range, whereas tcz depends on the output of the
algorithm;

o The speed is v(t) < vmax Vt € [to, tez), With vyax being
the road speed limit;

o When the car goes straight, v(tcz) < Umax; When the car
turns right or left, v(tcz) < Vmaxturm, WHere Umaxqum <
Umax 18 the maximum speed allowed when the vehicle
turns to grant a safe and comfortable maneuver;

o The acceleration is bypax < u(t) < amax Yt € [to, tcz)s
with byax < 0 maximum deceleration due to braking and
amax > 0 maximum acceleration, both depending on the
capabilities of the specific vehicle.

IV. FIRST-IN FIRST-SCHEDULED ALGORITHM

The algorithm is initiated by each vehicle, hereafter ego-
vehicle (EGO), when it enters the control zone. Algorithm 1
describes the commands executed by the EGO, while Algo-
rithm 2 refers to the instructions performed by the controller.
The proposed algorithm is based on the three parts detailed in
the following subsections and a backup mode discussed at the
end of the section.

A. Part 1: Preliminary evaluation at the EGO

In the first part, the EGO calculates the minimum time to
the intersection. Specifically, when entering the control zone,
the EGO estimates the trajectory to reach the intersection,
assuming that there are no other vehicles in the control zone

Algorithm 1 EGO part of FIFS
Executed by the EGO when entering the control zone

1: repeat

2:  repeat

3: if distance below safety threshold then

4: Enter backup mode

5: Send notice to the controller after the conflict zone

6: EXIT(fail)

7: end if

8: Calculate the minimum time to the intersection based
on current position

9: Send proposal to the controller

10: Start a timer 7o, and wait for response

11:  until prescription not received from the controller
12:  if the prescription can be adhered to then

13: if the speed profile falls below a threshold then

14: Enter backup mode

15: Send notice to the controller after the conflict zone
16: EXIT(fail)

17: end if

18: Send confirmation to the controller

19: Set the trajectory

20: EXIT(success)

21:  end if

22: until proposed prescription can be adhered to

(Alg. 1, line 8). The calculation is performed assuming an
initial time interval of duration ATj,;; during which the speed
is kept constant; this interval has the objective of avoiding
speed changes before the communication exchange between
the EGO and the controller has concluded. The duration AT} p;
should be set according to the estimated delay introduced by
the communication exchange. Once the trajectory is calculated,
the corresponding time at which the conflict zone is reached
is denoted as t4.

In our implementation, the trajectory calculation minimizes
the arrival time under the constraint to reduce both acceleration
and deceleration. Indeed, it is a proven fact that driving at
variable speeds leads to an increase in fuel consumption, hence
an increase in pollutant emissions [22]. Specifically, three
cases are possible: (i) if v(to) is lower than the target speed, ¢4
is calculated assuming an initial acceleration (after ATy;) up
to the target speed and then maintained until the intersection;
(ii) if v(to) is the same as the target speed, ¢4 is calculated
assuming constant speed; (iii) if v(t) is higher than the target
speed, t4 is calculated assuming that the deceleration starts at
the latest possible instant, and the initial speed is maintained
until that time. In Fig. 2, an example of the position, speed,
and acceleration profile is shown in the case where the target
speed is Umax and v(tp) < Umax-

At this stage, the EGO calculates the minimum instant to
enter the conflict zone (i.e., tx) and the instants it would
enter and exit from each subzone in such a case (the exiting
subzone also indicates the direction after the conflict zone).
The EGO sends now a proposal to the controller with all the
calculated time instants; it also starts a timer with duration
Tout and waits for the reply from the controller (Alg. 1, lines
9-10). If the timer expires before a reply is received, the EGO

Algorithm 2 Controller part of FIFS
Executed by the intersection controller when a proposal is
received
1: repeat
2:  repeat
3: if conflicts identified before, inside or after the con-
flict zones then
4 Postpone to the first acceptable time at intersection
5 end if
6:  until no conflicts in the crossing proposal
7
8
9

Send prescription to the EGO
if confirmation is received from the EGO then

: Update the scheduling table
10: EXIT(success)

11:  else

12: Wait for a new proposal from the EGO

13:  end if

14:  if the EGO notifies a backup mode then

15: Waiting for the EGO notice after the conflict zone
16: EXIT(fail)

17 end if

18: until confirmation is received from the EGO
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Fig. 2. An example of trajectory planning performed by the vehicle with the setting of the motion profiles. (a) Example position profile. (b) Example speed

profile. (c) Example acceleration profile.

recalculates the tentative trajectory from its current position,
sends a new proposal, and restarts the timer (Alg. 1, line 2
and line 11); this may occur because of too many errors in
the communication or because the controller is serving other
vehicles before the EGO. In case the distance from the EGO
position to the conflict area falls below a minimum threshold
during this phase, the EGO enters what we call backup mode,
detailed in Section IV-D (Alg. 1, lines 3-7).

B. Part 2: Evaluation and prescription from the controller

The controller verifies the proposal and, if needed, calcu-
lates different instants. This is done in three steps (Alg. 2,
lines 3-5).

1) Part 2.A: The intersection controller checks for collisions
before the conflict zone: The intersection controller needs to
check that the motion profile of the EGO does not conflict
with that of the vehicle ahead. In particular, it compares the
estimated profiles of the two vehicles locally, and if the two
vehicles are estimated to be closer than a minimum safety
distance in any instant, the time to the intersection is increased.

In our implementation, this is done by comparing the esti-
mated position of the two vehicles every 0.5 s and increasing
the time to intersection by 0.2 s whenever the distance falls
below 2 m. As a result, the longer the collision interval, the
higher the time increase, leading to a safe position profile.

2) Part 2.B: The intersection controller checks for collisions
inside the intersection: The aim of this step is to avoid side
collisions inside the conflict zone by ensuring that there is
always up to one vehicle in each subzone. To this end, once
a vehicle terminates the algorithm and the instants it enters
and exits from each subzone are fixed, these values are stored
in a dynamic table, as exemplified in Fig. 3. Since vehicles
are considered scheduled once the profiles are defined by the
controller, the table can be updated only by removing one line
when a vehicle exits the conflict zone and by adding a new
line when a new vehicle is introduced. Notice that, since a
vehicle can occupy more than a subzone at the same time,
the entering instant of a subzone in the dynamic table always
precedes the exit instant of the subsequent subzone.

Indeed, the EGO needs to go through one or more subzones
sequentially, without interruptions. The intersection controller
needs to find the first instant to enter the conflict zone, which
allows the EGO to stay in each subzone when none of the

scheduled vehicles occupy the same subzone. Calling the
intervals of time when none of the scheduled vehicles occupy
the subzone as idle intervals, the intersection controller starts
from the first subzone and searches for the first idle interval
that allows the vehicle to cross the subzone; once found, it
checks if this allows the vehicle to also cross the second and
subsequent subzones during an idle interval; if this is not the
case, the intersection controller goes back to the first subzone
and searches for the next idle interval.

As an example of this procedure, Fig. 4 depicts a case
consistent with subzone 3 in Fig. 3: in Fig. 4a, the initial time
to intersection brings to a conflict between the EGO (V4) and
a scheduled vehicle (V2); in Fig. 4b, the first idle interval is
sufficient to avoid collisions with both the vehicles that are
already scheduled through the same subsection (V2 and V3);
if the idle interval between the reservations of V2 and V3 was
not long enough, the EGO would have been scheduled after
V3. In this latter case, if the EGO detects that the delay would
not be enough to reach the intersection safely, it will send a
contro-proposal to the intersection controller, or it will enter
in backup mode, detailed in Section IV-D.

3) Part 2.C: Intersection controller checks for collisions
after the intersection: The purpose of the last step is to resolve
conflicts arising at the exit of the intersection. This may happen
when the EGO exits the conflict area at a speed higher than
the vehicle ahead (i.e., the vehicle that, after the conflict area,
precedes the EGO). In order to predict a possible collision
after the intersection, the intersection controller computes
(i) the distance traveled by the EGO vehicle, assuming that it
uniformly slows down, before reaching the same speed of the
vehicle ahead, denoted as dy.e; and (ii) the distance traveled
by the vehicle ahead after the conflict zone, before the EGO
reaches the distance dprke, assuming that the vehicle ahead
keeps a constant speed; this distance is denoted as dyge,; if
dprake > dafier — Dsafe-afters Where dgafe-aier 1S @ margin, then
the time to intersection is increased. In such cases, in our
implementation the time to intersection is incremented so that
dprake = dafter + dsafe-atter» With dgafe-afer = 6 M.

If any of the collision checks result in increasing the time to
intersection for the EGO, the intersection controller repeats the
whole calculation until no conflicts are found in the crossing
path (Alg. 2, line 2 and line 6).

Once all checks are successful, the intersection controller
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Fig. 3. Example of the scheduling table, where three vehicles (V1, V2 and V3) are already scheduled and the controller needs to schedule V4.

informs the EGO of the calculated instants of entrance and
exit of each subzone (Alg. 2, line 7). Please note that since the
new time to intersection cannot be lower than ¢4, the vehicle
can surely reach the intersection at this new instant.

C. Part 3: Mobility profiles settings and crossing scheduling

Once the EGO receives the prescription, it calculates the
speed profile to satisfy the received time to intersection and
confirms the plan by sending all the calculated time instants of
entry and exit from the subzones (Alg. 1, line 12 and lines 18-
21). If the vehicle is unable to fulfill the prescription (meaning
that it will surely reach the intersection later), it returns to
the first part of the procedure and performs a new crossing
proposal (Alg. 1, line 1 and line 22).

If the speed profile calculated by the EGO goes below a
given threshold, or if an agreement is not reached before the
EGO is closer to the conflict zone than a threshold, the EGO
enters the backup mode detailed in Section IV-D (Alg. 1,
lines 3-7 and lines 13-17). At the end of the communication
procedure, the EGO not in backup mode has the motion
profiles (i.e., position, speed, acceleration) defined until exiting
from the conflict zone.

The procedure ends when the controller receives a confir-
mation from the EGO; otherwise, it waits for a new proposal
from the EGO (Alg. 2, lines 8-13).

V2 va v3
153 I 153.9 155 155.9 t
1535
(a)
V2 va v3
153 1539 155 155.9 t
154.9

(b)

Fig. 4. Example where a vehicle is scheduled between the other two. (a)
Example where the minimum time of V4 conflicts with V2. (b) Example
where V4 can be scheduled between V2 and V3.

D. Backup mode

If an agreement is not reached before the vehicle is at
a minimum distance from the control zone to safely break
and stop (which is set to L/2 in our implementation) or the
calculated speed profile goes below a given threshold (set to
3 m/s in our implementation), the EGO enters the backup mode
(Alg. 1, lines 3-7 and lines 13-17). In this case, it returns to
normal operations, meaning that the CAV relies on its sensors
and normal road rules without following the indications from
the controller.

Backup mode is a last resort, which occurs when the inter-
section is heavily congested. Once an EGO in backup mode
crosses the control zone, it sends a notice to the controller so
that, in the meantime, the controller is aware that there is a
vehicle driving in backup mode. In this situation, the controller
waits until all vehicles in backup mode cross the intersection
before re-initializing the algorithm (Alg. 2, lines 14-17).

Please observe that the described protocol is designed so
that: (i) the load in terms of wireless traffic is very limited;
(ii) the decisions are taken sufficiently in advance compared
to the center of the intersection, allowing to introduce backup
mode procedures when needed; (iii) the communication always
involves only one vehicle at a time, and once the vehicle is
scheduled, it does not need to have additional interactions with
the controller. Thus, the number of exchanges only linearly
increases with the increase in the number of vehicles at the
intersection.

V. SIMULATION RESULTS

Results are obtained through simulations performed using
the traffic simulator SUMO [23] and a script written in Python
which communicates with SUMO using the Traffic Control
Interface (TraCI). The script continuously checks the position
of all the vehicles and controls their behavior from the instant
they enter the control zone to the instant they leave the
intersection, unless vehicles enter backup mode. The main
simulation settings are summarized in Table L.

A. Simulation settings and outputs

1) Intersection definition: We consider an intersection with
4 converging roads, all assumed to be of length 2L, where
L=100 m is the distance from the control zone limit to the
beginning of the conflict zone. The conflict zone is a square



TABLE I

MAIN SIMULATION PARAMETERS AND SETTINGS.
Parameter Value
Duration of each simulation 1000 s
Road layout 4 roads, one lane each
Lane width 32 m
Control zone range L 100 m
Road length 2L 200 m
Conflict zone side 144 m
Conflict subzone side 7.2 m
Vehicle arrival distribution Poisson, variable average
Maximum speed vmax 50 km/h
Maximum turn speed Umax-turn 20 km/h
Maximum acceleration amax 2.6 m/s?
Maximum braking bmax -4.5 m/s?
Initial interval AT} 500 ms
Communication delay (per message) Between 20 and 100 ms
Safe margin after the intersec. dgafe-afer 6 M
Timer for the crossing proposal Tout 500 ms

with side 14.4 m, in turn composed of 4 equal subzones with
side 7.2 m. As represented in Fig. 5, the vehicle crosses
one subzone when turning right, two subzones when going
straight, and three subzones when turning left. The vehicles
are independently generated at the beginning of each road
following a Poisson distribution with the same generation rate
from each direction, and they turn left, turn right, or go straight
with uniform probability.

2) Communication model: Regarding the modeling of com-
munication, given the unicast nature and the assumption that
there are no areas of outage around the intersection, it is
reasonable to assume that all losses are detected and messages
can be re-transmitted until they are correctly received. The
communication impairments are therefore reproduced assum-
ing a delay, which we model as uniformly randomly distributed
between a minimum and a maximum value. In our simulation,
the delay of each transmission from the EGO to the controller
or from the controller to the EGO is modeled as a uniformly
random variable between 20 and 100 ms, which are pessimistic
values for 5G cellular systems with a MEC.

3) Benchmarks: The performance of the proposed FIFS
algorithm is assessed based on the following benchmarks:

o Priority case, where the horizontal roads have precedence

over the vertical ones;

o Traffic light, with a traffic light infrastructure with a green
phase for streets facing each other of 35 seconds and a
yellow phase of 3 seconds;

e FIFO algorithm with ideal communication;

—
< r==--}-m
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v

Fig. 5. Intersection with subzones and possible EGO trajectories.

e FIFS algorithm with ideal communication.

With ideal communications we mean that the position of the
vehicles is always perfectly known by the controller, and the
decisions are instantaneously taken, without any delay.

4) Output Metrics: Performance is assessed through the
following key performance indicators (KPIs):

o Travel time: time elapsed in seconds from the instant a
vehicle enters the simulation to the instant it leaves;

o Emissions: CO; emissions from vehicles during their
travel time, assuming the default settings of SUMO.

B. Discussion

The outputs of the simulations are reported in Figs. 6-8.
In Fig. 6, results refer to the case with an average input
of 0.05 vehicles/s per direction, corresponding to a situation
with relaxed traffic congestion. In particular, the cumulative
distribution function (cdf) of the travel time is shown in Fig. 6a
and the cdf of the emissions is shown in Fig. 6b. As is
observable, when few vehicles are on the road, the use of
the traffic light corresponds to the worst case, since it causes
unnecessary stops and waiting times, which affect both output
metrics. The travel time and emissions are significantly lower
when one road has priority over the other; when looking at
the travel time (Fig. 6a), it can be observed that approximately
20% of vehicles suffer from some delay compared to the others
because they arrive from the road giving the right of way
while the main road is not empty. All solutions with controlled
CAVs, i.e., those implementing the FIFO and FIFS approaches,
avoid stops at the intersection and yield the best performance.
Under these conditions, results with FIFS and FIFO are very
similar, and the communication protocol is shown to negligibly
affect the performance.

In Fig. 7, the same plots are provided assuming an average
input of 0.15 vehicles/s per direction, which corresponds to
a situation with moderate traffic conditions. In this case, the
traffic light solution is shown to overall outperform the case
with priorities, since it avoids that a portion of the vehicles
remains stopped at the intersection for long intervals. The
FIFO approach shows instead its limits; even if the commu-
nications and decisions are ideal, the assumption that vehicles
are allowed to enter the subzones only after the preceding
vehicles are scheduled causes high travel times. Conversely,
the FIFS algorithm allows all CAVs to be scheduled in an
efficient way, with the travel time per vehicle that never
exceeds 50 s and the CO» per vehicle that never exceeds 200 g.
This holds also when V2I realistic delays are considered.

Finally, Fig. 8 shows the box charts of the travel time and
emissions varying the vehicle density. The box charts highlight
the upper and lower quartiles with a colored rectangle, while
the vertical black lines highlight the range of the values except
the outliers, indicated by circles. Black diamonds indicate the
average values. The density in Fig. 8 varies from a minimum
of 0.05 vehicles/s per direction (corresponding to the results
shown in Fig. 6) to a maximum of 0.20 vehicles/s per direction.
The latter case is a situation of high congestion, where queues
are generated at the intersection. Similarly to what has already
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Fig. 6. Results with 0.05 vehicles/s per each direction. (a) Cdf of travel time.
(b) Cdf of the emissions.

been observed and known from traffic theory, the solution with
priorities is preferable to the one with the traffic light as long
as the traffic congestion is moderate, and the reverse is true
for congested traffic situations (at 0.20 vehicles/s, adopting
priorities, some vehicles wait for very long time and thus
the average travel time and emissions increase significantly).
The FIFS algorithm with ideal communication shows always
optimum performance at any density, both looking at the
average results and worst cases. Even the FIFS algorithm with
the designed communication protocol and realistic V2I delay,
significantly outperforms the benchmarks without CAVs (i.e.,
priority and traffic light) and the FIFO scenario. Only when
0.20 vehicles/s per direction are introduced in the scenario, in
the proposed solution a large number of vehicles enter in the
backup mode, resulting in non-optimal performance.

VI. CONCLUSION

In this paper, we addressed traffic efficiency and emission
reduction for CAVs at unregulated intersections. Specifically,
we proposed a FIFS algorithm and a communication protocol
that allow vehicles to safely cross an intersection served by
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Fig. 7. Results with 0.15 vehicles/s per each direction. (a) Cdf of travel time.
(b) Cdf of the emissions.

a MEC without stopping thanks to the V2I communication
between vehicles and a controller. Results demonstrate the
advantages of the proposed solution in terms of travel time and
emissions with respect to intersections managed with priority,
traffic lights, and FIFO algorithms.

The proposed algorithm is general enough to be applied
to intersections with different numbers of converging roads
or lanes and to roundabouts. This aspect, together with the
investigation of the applicability of human-driven vehicles,
will be addressed in future works. Similarly, we do not
consider here the presence of other non-connected vehicles
and vulnerable road users (VRUs). In any case, a simple first
approach for non-connected objects and VRUs could be the
use of cameras to identify and notify them to the CAVs to
fall back to normal operations. Finally, another aspect that
will deserve future activities is the adaptation to a distributed
scenario with V2V communication rather than a centralized
one with only V2I. In this way, we also envision to test the
presented algorithm through a field test campaign to assess the
performance in a real-world scenario.
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