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Intersection management of Connected Autonomous Vehicles (CAVs) has the potential to improve safety
and mobility. CAVs approaching an intersection can exchange information with the infrastructure or each
other to schedule their cross times. By avoiding unnecessary stops, scheduling CAVs can increase traffic
throughput, reduce energy consumption, and most importantly, minimize the number of accidents that happen
in intersection areas due to human errors. We study existing intersection management approaches from
following key perspectives: 1) intersection management interface, 2) scheduling policy, 3) existing wireless
technologies 4) existing vehicle models used by researchers and their impact, 5) conflict detection, 6) extension
to multi-intersection management, 7) challenges of supporting human-driven vehicles, 8) safety and robustness
required for real-life deployment, 9) graceful degradation and recovery for emergency scenarios, 10) security
concerns and attack models, and 11) evaluation methods. We then discuss the effectiveness and limitations of
each approach with respect to the aforementioned aspects and conclude with a discussion on trade-offs and
further research directions.
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1 INTRODUCTION

Intelligent Transportation Systems (ITS) have the potential to revolutionize transportation by
providing safer and more efficient driving experiences. In the past decade, many automotive
industries were focused on improving the Advanced driver-assistance systems (ADAS) and have
tried to pave the road to deploy fully Autonomous Vehicles (AVs) that can drive without human
intervention. Today, more than 65 automotive companies are permitted to test their AVs on the
streets of California, US [35].

When AVs become connected, they can share their information with other AVs and/or the
infrastructure in order to avoid potential accidents and increase the throughput of the roads. Traffic
management of Connected Autonomous Vehicles (CAVs) can take place at different places and for
different purposes including but not limited to platooning in highways, cooperative merging at
ramps, automated roundabout management, cooperative lane changing at highways and automated
intersection management. In this survey, we specifically focus on the management of CAVs at
a signal-free intersection. In Figure 1, we have provided a high-level overview of automated
intersection management with respect to other research topics to specify the scope of this survey.
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Fig. 1. Scope of this survey with respect to other research topics in the intelligent transportation system
domain.

According to the Federal Highway Administration (FHA), 40 percent of all crashes involve
intersections which account for the second-largest category of accidents[5]. CAVs approaching
the intersection can exchange information with the Intersection Manager (IM) or other CAVs to
reserve their cross time. As a result, automated intersection management can significantly reduce
fuel consumption and travel time of the vehicles. In addition, accidents at an intersection that are
caused by human errors e.g. red light runner can be minimized or even fully eliminated.

In the past few years, the intersection management of CAVs has been the focus of many re-
searchers and so far, a variety of intersection management approaches [41, 68, 74] were proposed.
Existing works on intersection management of CAVs can be categorized as distributed approaches
and centralized approaches wherein distributed approaches CAVs communicate with each other
over a wireless network to come up with a plan while in centralized ones, CAVs communicate with
the infrastructure to receive a plan for crossing. Although automated intersection management is
appealing, it will not be deployed in the real world unless it is proved to be safe, secure.

In the past few years, a number of surveys have been published which discuss existing works on
intersection management of AVs and CAVs at signalized and non-signalized intersection. In 2015,
Chen et al. [31] published the first survey on cooperative intersection management of vehicles
and they studied existing methods for both signalized and non-signalized intersections. Since
2015 there have been more than 65 papers that are published in this area [95]. In a more recent
survey[106], researchers summarized existing methods for coordination of CAVs at intersections
and highway ramp-meters. This survey mostly studies existing works from the scheduling policy
point of view and does not consider other aspects of intersection management of CAVs. In another
study[72], Krishnan et al. categorized existing approaches to manage an intersection of CAVs.
They have presented an analysis of existing techniques and compared their pros and cons. This
paper, however, considers only 6 existing works and therefore is not complete. The most recent
survey (published in 2019) [95] categorizes existing works on intersection management of CAVs at
signalized and non-signalized intersections. This paper, however, is a non-technical survey as it
categorizes existing works based on the country at which the research group resides, the year the
paper is published, and the main objective of the paper (efficiency, safety, passenger comfort, etc.).

In this paper, we particularly focus on existing works on the intersections management of
CAVs and so far, we were able to find 122 papers. Completing existing studies, we provide a
thorough survey on existing works that are reported in the literature to date and evaluate them
from following perspectives: 1) V2V/V2I interface for intersection management, 2) scheduling
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policy for CAVs, 3) wireless technology, 4) model for vehicle dynamics, 5) conflict detection, 6)
extension to multi-intersections, 7) support for human-driven vehicles, 8) safety and robustness,
9) emergency situations and recovery, 10) security concerns, and 11) evaluation method. We
highlight the limitation/superiority of each technique in addressing the challenges of deploying an
intersection management technique and finally, we discuss the challenges that are left open to be
addressed in the future.

The organization of the article is as follows: In section 2, the interface for V2V/V2I-based intersec-
tion management is studied. Section 3 present existing models used for estimating the behavior of
vehicles. In Section 4, we discuss how conflicts are modeled at an intersection. The scheduling policy
of intersection management is discussed in section 5. In section 6, we discuss existing wireless
communication protocols. In section 7, we dig into multi-intersection management approaches.
Compatibility with human-driven vehicles is discussed in section 8. Safety and robustness aspects
of the intersection are examined in section 9. In section 10, we compare existing works from
recovery and graceful degradation point of view, and in section 11, we explore security threats to
the intersection management system. We also compare existing works from the evaluation method
perspective in section 12.

2 V21/V2V INTERFACE FOR INTERSECTION MANAGEMENT

Deployment of an intersection management algorithm in real life requires certain specifications
to be defined by designers. For instance, the algorithm must specify what information will be
exchanged, who is responsible for the scheduling of CAVs -is there a separate infrastructure near
the intersection or will one of the CAVs take the responsibility?

Existing decentralized/centralized approaches are different in terms of communication protocol
and information that is shared. Some of the existing works specifically mention what information
needs to be exchanged while some other works, do not and assume that a CAVs or the Intersection
Manager (IM) have to access to all information of CAVs.

Based on the fact that who manages the intersection, we categorize existing works into two
groups: 1) Distributed, where CAVs do the scheduling themselves and 2) Centralized, where there
is a station near the intersection that schedules approaching CAVs. Figure 2 shows an overview of
a centralized and distributed intersection management interface.
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Fig. 2. Main interfaces to manage the intersection of CAVs. In centralized approaches, CAVs communicate
with the infrastructure while in distributed approaches, CAVs communicate with each other.

2.1 Distributed Approaches

As an advantage of distributed approaches, they do not need support from infrastructure, which
means they can scale easily and be used in uncrowded intersections controlled by stop signs and
those in rural areas.
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Li et al. [76] developed a distributed intersection management algorithm where CAVs randomly
communicate with each other to form small groups when they are within a certain radius of the
intersection. All CAVs share their ID, width and length, incoming/outgoing lane, velocity, and
position. Then, CAVs from different groups communicate with each other to collect the information
of CAVs in other groups. As soon as a CAV receives the information of all vehicles, it becomes the
leader or intersection manager and schedules the cross-time of CAVs. The leader also lets other
CAVs know about its leadership so that they stop collecting data.

STIP (Spatio-Temporal Intersection Protocol) [15] is another cooperative intersection manage-
ment algorithm where there are three message types that a CAV sends to the others: ENTER,
CROSS, and EXIT. In this method, CAVs share their ID, current road segment, current lane, future
road segment, arrival-time, exit-time, list of trajectories, list of arrival times, and message sequence.
When two CAVs intend to cross the same zone and their cross-time overlaps, the CAV with higher
priority continues and enters the intersection while the CAV with lower priority slows down and
stops before entering the conflict zones. The priority for CAVs is determined based on the FCFS
policy where a CAV with earlier arrival time has a higher priority.

In [64, 65], Katriniok et al. proposed a model predictive control (MPC) technique to coordinate
vehicles through the intersection. Upon approaching the intersection, each CAV receives the
trajectories of all other CAVs and then formulates and solves an optimal control problem to find
a sequence of actions. Next, the CAV broadcasts its information including distances to collision
point with other CAVs. This process is repeated again after a short time-step to handle newly
approaching CAVs.

Aoki et al. [9] proposed a general solution for scenarios that a pair of CAVs have conflicts on their
future paths including an intersection. In this work, a Request-response negotiation-based protocol
is proposed to detect dynamic intersections of CAVs. CAVs notify each other about the existence of
conflicts and yielding to/interrupting other CAVs. In this approach, four message types are defined:
1) Dynamic Intersection or DI request, to notify other CAVs, 2) DI approve, to acknowledge the
requested maneuver, 3) DI interrupt, to ask other vehicles to stop, and 4) DI yield, to respond to DI
interrupt.

In [83], the intersection area is divided into multiple conflict zones. Upon approaching the
intersection, each CAV periodically broadcasts its arrival time and departure time with respect to
all the conflict zones that it intends to occupy. If a CAV detects a conflict, it determines if it has the
advantage to enter the conflict zone first. A CAV will have the advantage if it proposes to 1) leave
some conflict zone later than the other CAV, 2) leave all conflict zones earlier than the other CAV,
and 3) enter some conflict zone earlier than the other CAV. The vehicle that has the advantage
continues with its plan and the other CAV changes its plan such that its enter time to all conflict
zones is later than the exit time of the CAV with the advantage. This technique assumes that all
CAVs are synchronized where the computation happens at the same time within the broadcasting
period

Belkhouche et al. propose a distributed collision detection system [22] that is aware of the unsafe
situations that may happen with respect to another CAVs that is approaching the intersection. In
this approach, the set of all velocities that may cause an accident in the future are determined for a
pair of CAVs. If a conflict exists, one of the CAVs must accelerate and the other one will decelerate.
The optimal crossing is then determined by finding the desired velocity for both CAVs such that
CAVs change their velocity minimally while avoiding the set of unsafe velocities.

In Bian et al. approach[25], the area before entering the intersection is divided into three zones.
A CAV will first enter the observation zone, where it observes the current state of other CAVs
and their order, then it enters the optimization zone, where it optimizes its trajectory, finally, it
enters the control zone, where the CAV tracks the desired trajectory. This paper assumes that the
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communication range is limited and therefore a CAV may not be able to receive the information of
all CAVs. As a result, it estimates the state (position and velocity) of out-of-range CAVs using the
information broadcast by their neighbors.

In [51], CAVs send/receive position, speed, and direction upon entering the communication area
and then calculate a priority based on the arrival time. A CAV with lower priority yields to CAVs
with higher priorities by slowing down such that it arrives at the intersection when the intersection
is cleared. This process is repeated until a CAV leaves the intersection.

Among existing works that propose a distributed intersection management interface, in [76],
a leader is selected dynamically to schedule CAVs while in the rest[9, 15, 22, 64, 83], each CAV
determines its plan based on the shared information of other CAVs and its own state. Selecting a
leader that performs intersection management is very similar to a centralized approach. Later, we
will study the pros and cons of centralized and distributed intersection management. In general,
each distributed approach follows a unique protocol for communication where the number of
exchanged messages and their size differs.

2.2 Centralized Approaches

Centralized algorithms mostly follow a server-client scheme where vehicles send a request to
the IM and the IM replies with a response. We categorize existing centralized approaches into
two groups: query-based intersection management or QB-IM, and assignment-based intersection
management AB-IM approaches. In QB-IM, vehicles query a safe passage from the IM by proposing
a cross-time/velocity and the IM either accepts or rejects the vehicle’s proposal. In AB-IM, vehicles
share their status with the IM and the IM assigns a cross-time to each vehicle, and vehicles follow
that.

2.2.1 Query-based Intersection Management. Autonomous Intersection Management (AIM) [41]
was one of the initial attempts to develop a centralized algorithm for intersection management of
CAVs. In AIM, the intersection is modeled as a grid of squares. Each of these squares is represented
in discrete time-steps. Vehicles approaching the intersection query safe entry to the intersection by
sending their estimated time of arrival and velocity of arrival. The IM generates the future trajectory
of the vehicle in terms of time-space (which square will be used and when) and checks if it conflicts
with other time-space reservations (for other vehicles). If there is a conflict, the IM rejects the
request and the vehicle slows down and requests again after a timeout. If no reservation is assigned
to a vehicle, it will stop behind the intersection edge and request again. If there is no conflict,
the vehicle continues and enters the intersection. AIM is a query-based intersection management
(QB-IM) approach where vehicles query safe passage from the IM and the IM replies a YES/NO. As
a result, this approach may face higher network overheads and achieve lower throughputs. This is
because vehicles may come to a complete stop and have to send multiple requests until getting a
reservation. [82] proposes a similar QB-IM methodology where vehicles send a request to the IM
reporting their future conflict zone occupation time (CZOT). The IM store CZOTs of all vehicles
and share it with all vehicles. Then, each vehicle finds a valid solution (a new CZOT that does not
have any conflict with other CAVs) and reports it to the IM. If two CAVs request the CZOT at the
same time, the IM responds to them in the order it receives the request. IM does not respond to
other CAVs until it receives the proposed CZOT and updates its local CZOT [34] is also a similar
query-based algorithm where each CAV sends a reservation to the IM and IM either accepts or
rejects the request. In this approach, there are two zones, 1) queuing zone and 2) acceleration zone.
The vehicle sends their request only when they are in the queuing zone.

Jin et al. [62] follow another approach where platoons of CAVs are formed using V2V communi-
cation and each platoon has a leader. The leader communicates with the IM on behalf of its platoon

, Vol. 1, No. 1, Article . Publication date: June 2020.



6 M. Khayatian, et al.

by sending the platoon’s earliest arrival time and passage time. The IM evaluates the reservation
time slot and responds to the proposal of the leader by either accepting or rejecting the request and
suggesting a reservation for the platoon. [19] and [18] are similar approaches where platoons of
CAVs are formed and only leaders communicate with the IM by sending one the following messages:
1) Request, 2) Change-Request, 3) Acknowledge or 4) Done. Accordingly, IM follows a query-based
approach and responds to a request by sending one the following messages: 1) Acknowledge, 2)
Confirm, or 3) Reject. For the request, a leader vehicle sends its VIN (vehicle identification number)
as ID, current position, velocity, acceleration, estimation for the time of arrival, and the size of
the platoon. [60] is another QB-IM approach where vehicles send their estimated earliest arrival
time to the IM to reserve a time slot. The IM uses a dynamic reservation system that accepts or
rejects a request based on the priority of the request. [61] is a variation of the same approach using
a different scheduling policy and [24] proposes to use a similar QB-IM approach.

2.2.2  Assignment-based Intersection Management. In 2016, Yang et al. [127] proposed an AB-IM
algorithm where the IM collects information of all CAVs that are within the range of the intersection
and assigns a trajectory to each vehicle. The scheduling process is repeated when a new vehicle
enters the control zone, an existing vehicle departs the intersection or it comes to a stop.

Crossroads [8] and Crossroads+ [67] are similar AB-IM approaches where vehicles first syn-
chronize their internal clock with the IM and then, let the IM know of their presence by sending
their position, velocity, and exit lane along with a timestamp that corresponds to the captured
status. IM checks the status of existing vehicles and assigns a constant velocity and “time to actuate”
to each vehicle. Once a vehicle receives the response, waits until the time to actuate and then
accelerate/decelerate to maintain the assigned velocity. Azimi et al. [14] propose a similar approach
where the IM assigns a TOA and VOA to a CAV and also checks for deadlock and resolve them. In
[108], another AB-IM approach is presented where approaching vehicles send a request to the IM
containing their utility function (u) and safety function (s) and the IM schedules vehicle such that
the sum of all utility functions is maximized. Authors have also provided a mechanism for truthful
utility reporting. In Lu et al. approach[85], the IM creates a queue for approaching CAVs which is
sorted based on the request time and then, assigns an occupancy in space-time to CAVs. Qian et al.
[103] present an interface between the IM and CAVs where each CAV sends a request by sharing
its information and the IM computes a scheduling solution for it. The IM also waits for feedback
from the CAV to make sure the scheduled plan is received. In [68], each CAV sends its position,
velocity, outgoing lane, and timestamp to the IM and the IM assigns a time of arrival and velocity
of arrival to the CAV.

We have categorized existing works in terms of their interface and management algorithm in
Table 1.

Intersection management interface

Centralized
Query-based Assignment-based
[8, 14, 18, 33, 43, 62, 67, 68,
[34, 41, 60, 61, 80, 115, 120] | 85, 86, 103, 108, 109, 112,
127]
Table 1. Existing Intersection management algorithms based on the proposed interface for communication
among vehicles (or with intersection manager).

Distributed

[9, 15, 22, 25, 44, 51, 64, 65,
75, 76, 83, 104, 133]

In QB-IM, the IM either accepts or rejects a request, while in AB-IM, IM explicitly assigns a
reservation to the CAV. As a result, AB-IM algorithms can achieve higher throughputs compared to
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QB-IM ones but the processing time of the intersection manager for an AB-IM algorithm is more
than a QB-IM.

Both centralized and distributed approaches have their own pros and cons but most importantly,
in centralized approaches, the IM is a single point of failure and therefore less reliable compared to
distributed approaches. Also, distributed approaches are more scalable since they don’t require
support from infrastructure and can be deployed at every intersection. In centralized approaches,
CAV’s control is given to the IM once it enters the intersection zone and given back to the CAV
when it leaves the intersection area. On the other hand, CAVs need to broadcast their information
periodically to let newly arrived CAVs know of their cross time, while in centralized techniques, IM
stores the information about the state of the intersection (e.g. occupancy times-areas) and therefore,
CAVs do not have to broadcast their information periodically. As a result, distributed techniques
may have higher network overheads compared to centralized ones. Time synchronization is a
fundamental part of the intersection management which has received less attention. Almost all
centralized and distributed approaches require having the same notion of among all nodes in order
to ensure the correctness of the intersection management and safety of CAVs. Since all CAVs are
equipped with GPS receivers, they can maintain an accurate notion of time up to few microseconds.
However, if GPS signals are poor/not available in an area, time synchronization should be a part of
the intersection management’s V2V/V2I interface.

3 VEHICLE DYNAMICS

Typically, a model is needed to estimate/predict future trajectories of vehicles before and at the
intersection. In the literature, researchers have considered different models for vehicle dynamics.
Some existing works use a simple one-dimension model, while some use more complex models.
Next, we will study some of the models that are used for the dynamics of vehicles. Figure 3 shows
different approaches used to model the dynamics of a vehicle in existing works on intersection
management of CAVs.

X i
v

Fig. 3. (a) Double integrator model - considering the longitudinal movements of the CAV only (b) 2D model -
considering longitudinal and lateral movements of the CAV (c) High-fidelity model - considering the road
slope and aerodynamic drag force (Fy).

3.0.1 one-dimension Model (Double integrator). This model considers the longitudinal movements
of the vehicle only.
X=v
{ . (1)
o=u

x and o are the longitudinal position and velocity of the vehicle and u is the input to the vehicle
that captures the input to the throttle and brake for positive and negative inputs respectively.
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3.0.2 4-wheel Model. This model considers both the longitudinal and latitudinal movements of
the vehicle [41]:

x =vcos(¢)

g = v sin(¢) @)
$ = 2tan(y)

i=u

x and y are the longitudinal and latitudinal position of the vehicle in Cartesian coordinate. v is
the absolute velocity of the vehicle and u is the input to the vehicle that captures the input to the
throttle and brake for positive and negative inputs respectively. ¢ is the heading angle of the car,
is the steering angle of the vehicle and L is the wheelbase distance.

3.0.3 Bicycle model. This is a simplified version of the 4-wheel model which is created by projecting
front and rear wheels onto two virtual wheels located at the middle of the car. The vehicle dynamics
for the bicycle model can be written as:

x = vycos(0) — vysin(0)
y = oxsin(6) + vycos(0) (3)
6=r
where v, and v, are the longitudinal and lateral velocities of the vehicle respectively and r is the
yaw rate.

3.0.4 Modeling Air Drift, Road Slope, and Mass. This model considers the effect of air drag force
and road slope in the vehicle model[25].

{’f‘ e | @
0= -LT - =29% — g(sin(a) — f cos(a))

where T is the torque applied to wheels, 7 is the mechanical efficiency of the driveline, m the mass r
is the tire radius, C4 is aerodynamic drag coefficient, f is the rolling resistance, g is the gravitational
acceleration and « is the road slop.

We have categorized existing works on intersection management of CAVs based on the considered
model for the vehicle dynamics.

2D model (4-| Considering mass, air

1D model (Double integrator) wheel vehicle) | drift, and road slope

[11, 36, 47, 48, 50, 51, 54, 56, 57, 6365, 69,
70, 74-77, 80, 84, 87-90, 92, 94, 96, 98, 112,
113, 122, 127-131, 133]

Table 2. Existing works on intersection management of CAVs categorized by the considered vehicle dynamics

(8, 41, 46, 55,

19, 25, 2
67, 68] [ 5 5; 6]

The double integrator model is linear and therefore is easy to work with because the solution
for the behavior can be determined analytically. However, it does not capture the movement of
the vehicle in 2D space. To model the behavior of a CAV even more accurately, different factors
like air drift, mass, friction, road slope can be considered. However, considering a high-fidelity
model will put a burden on the scheduling system since more computation is needed to estimate
the behavior of the CAVs and determine a feasible solution —especially in optimization-based
approaches. As a result, it remains an open problem to determine the right level of fidelity. There
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are many parameters that should be considered to model the actual behavior of a CAV where some
of them are variable e.g. road slope, wind, the mass of the vehicle, road friction coefficient, etc.
Therefore, accurate prediction of the behavior of a CAV requires an online identification mechanism
to estimate such parameters.

4 CONFLICT DETECTION

In order to detect a possible conflict that two CAVs may have at the intersection, existing works have
proposed two approaches: 1) considering a Spatio-temporal occupancy map for the intersection
area and 2) considering the expected trajectories of CAVs inside the intersection.

1
«‘l._ _____ e ___.t\..-
1 4
1 N /J ]
1 I\*" 1
I‘N\rl \vp" 1
1 b
71 1Ns
_+___ =i ke |
- A
1
—-“-———;——-‘\-——4—»
Vo 4

(a) The grid represents the areas that will be (b) Predefined paths are defined for crossing the
occupied by vehicles at time . A conflict exists intersection. A conflict exist if two paths cross
if two areas have an overlap (depicted in red).  and the cross times of the vehicles overlap.

Fig. 4. Modeling a conflict at the intersection.

The first approach models the intersection as a grid of conflict areas and the path of a CAV inside
the intersection is captured by indicating which blocks (of the grid) will be occupied by a CAV
at each time-step. In this approach, the intersection management algorithm needs to make sure
two CAVs are not scheduled to occupy a block at the same time. The granularity of splitting the
intersection area into a grid varies among different approaches. In the extreme case, the whole
intersection area is considered as a conflict area.

In the second approach, there is no need to store the occupancy map for the whole intersection
area, instead, the expected path of two CAVs is used to determine the location at which two CAVs
may have a conflict. This can be done offline as the expected paths of CAVs are known e.g. for
going straight or making a turn.

We have categorized existing works in terms of the way conflicts are modeled in Table 3.

Conflict Detection using Occupancy Map Conflict Detection using on CAVs’ Trajectory
[8, 9, 14, 15, 22-25, 34, 41, 49, 51, 60, 62, 69,
76, 82, 83, 85, 101, 103, 104, 108]

Table 3. Categorizing existing works in terms of modeling the conflicts inside the intersection area.

[64, 65, 67, 68, 85, 127]

Using an occupancy grid to model conflicts is computationally cheap since it involves simple
boolean checking operation, however, the computation increases by considering finer conflict zones
and smaller time-steps. The throughput of the intersection is directly dependent on the granularity
of the Spatio-temporal grid and generally finer grids can achieve higher throughputs.

, Vol. 1, No. 1, Article . Publication date: June 2020.



10 M. Khayatian, et al.

5 SCHEDULING POLICY

The main purpose of intersection management is achieving higher throughputs compared to
conventional traffic lights while ensuring the safety of vehicles. In this paper, the process of
deciding which CAV should cross the intersection first and which CAV should cross second and
so on is called “scheduling”. We group existing scheduling policies into three main categories: 1)
First-Come First-Served, ii) Heuristic, and iii) Optimization-based. Figure 5 shows an example of an
intersection and possible solutions determined using the FCFS, optimization-based and a heuristic
approach.

1 1
Metric 1 Scheduling Method 1 - .
| 9 | »—uf-lr ~~~~~~ - Intersection Status
e A I
1 First-Come First-Served (FCFS) 1 \
1 Approaching order |
= | 1
g 1
1 1
1 Crossing order \ I
... . TN o ] ey D
|== )
2 1 Optimization-based | \ \ 'qe:-. - %. ’
= : Approaching order | L Mo
= = ~.
g I e
% | 'O
©
Ty T TT Heuristc 0 N
7] 1 1 73
§ “E’ 1 Veha Approaching order | ﬂg\ Approaching order
g% | 1 -,
S5 1 1
s g 1 1
E 1 Vehd Crossing order 1
' :

Fig. 5. Examples of FCFS, optimization-based and heuristic scheduling policies. In the left section, the
approaching and crossing order of vehicles is indicated. In the right section, the status of the intersection at
the scheduling time is depicted.

5.1 First-Come First-Served Approaches

First Come First Served (FCFS) traffic control algorithms works as the name sounds, the first vehicle
to arrive is the first vehicle to be served and grants entry to the intersection. One of the first
implementations of an FCFS method is AIM which was proposed by Dresner et al. [41]. Requests to
the intersection manager are processed in the same order they are received. For scheduling the cross
of a vehicle, AIM stores a reservation grid for the area of the intersection. This segmentation can be
used to check if another vehicle is occupying the space at a time. FCFS was the scheduling policy
for many other intersection management techniques. For instance, [15] considers a reservation
map with smaller segmentation, [23], [69] and [104] similarly consider a reservation area for the
intersection, [43] uses a predefined conflict table between entry lanes of the CAVs and a locking
mechanism, and [68], [8] and [67] use predefined trajectories of the vehicles inside the intersection
for reservation. In [62], Jin et al. proposed to use FCFS for platoons of CAVs instead of individual
vehicles where the IM uses a reservation table to schedule the next platoon. In [51], a priority value
is calculated for each CAV based on the arrival time and the priority specifies the crossing order of
CAVs. Lu [85] et al. is another FCFS approach that a queue of CAVs is created and the intersection
manager serves the top CAV in the queue by assigning a time slot.
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5.2 Optimization-based Approaches

Despite FCFS scheduling methods, optimization-based approaches try to minimize the average
travel time of the whole intersection regardless of their approaching order. As a result, the crossing
order of vehicles may vary from the approaching order of vehicles.

There have been several optimization-based approaches that solve the intersection management
scheduling problem. The simplest type of optimization-based scheduling is done by controlling the
status of the traffic light namely Signal Phase, and Timing (SPaT) to achieve a high throughput
[25, 45, 48, 49, 84, 101, 126]. In such approaches, the IM suggests an optimal trajectory for the CAVs
to follow such that they will hit a green light. [48] and [49] use Mixed Integer Linear Programming
(MILP) to solve the optimization problem and [10], extends it to a grid of connected intersections.

Researchers have also proposed optimization-based approaches for an intersection without a
traffic light. Generally, the goal is to increase the throughput which is formulated as minimizing
the travel time/wait time/cross-time [26, 53, 59, 74, 80, 133]. To avoid a collision in the intersection
area, a set of constraints are defined based on the unsafe states e.g. two vehicles be very close to
each other at any time. [59] uses a POMDP (partially observable Markov decision process) to model
vehicle dynamics and the Adaptive Belief Tree (ABT) algorithm for finding the optimal solution.
Xu et al. approach [126], similarly creates a tree for all the possible solutions for the passing order
where the leaf of the tree represents the complete solution.

Guler et al. [54] proposed an iterative algorithm to find the optimal arrival/departure sequence
of CAVs. In [127], they extended their work and formulated the intersection management problem
using two optimization problems: 1) finding the optimal arrival/departure sequence of CAVs, and
2) finding the optimal trajectory of each vehicle once arrival/departure times are known. They
propose to use the Branch-and-Bound approach to find the optimal arrival/departure sequence.
[55] also solves an optimization problem to minimize the delay of CAVs. This paper employs the
particle swarm optimization (PSO) algorithm to find the optimal solution. Lu et al. [86] solve the
optimization problem using MILP to minimize the travel time. Liu et al. [83] propose to convert a
centralized optimization problem into distributed optimization problems that are solved locally on
each vehicle to find the optimal solution. In [18], a platoon-based approach is introduced to find
the optimal solution that yields minimum average delay. Similarly, Timmerman et al. [117] propose
an optimization-based approach for platoons of vehicles. In [76], Li et al. proposed to create a tree
where each node corresponds to a valid schedule. The optimal entrance of the vehicles is then
determined by traversing the tree. [132] studies the problem of managing a grid of intersections
where the traffic flow of each link should be determined. Linear programming is used to solve
the problem. In [61], Jin et al. linearizes the optimization problem using the big M method and
then, solves it using linear programming to find the minimum travel time of vehicles. [98] uses
a fourth-order Laplace model for vehicle dynamics and use the multi-objective fuzzy rule-based
system to find the minimum travel time of vehicles. In all aforementioned approaches, a goal
function was defined based on the travel time of the vehicles and dynamics of the vehicle, and
safety specifications were modeled as constraints.

There are other approaches that consider velocity variation [63-65, 70, 90, 92, 94, 112], passenger
discomfort [64, 94, 128], communication overhead [113], acceleration/deceleration variation [112],
absolute acceleration/deceleration amount [56, 63, 70, 75, 112, 122, 129-131] and fuel consump-
tion [57, 87, 122, 128] as a metric and define the goal function based on it. In [94], Murgovski
et al. reformulate the optimization problem into a sub-problem by finding the optimal entrance
order of vehicles and then transformed it into a convex problem. [130], [131], [129], [122] and [89]
follow optimal control approaches and use the Euler-Lagrange equation to solve the optimization
problem analytically. In [75], the optimization problem is solved in three steps using Active-set
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Method (ASM), Sequential Quadratic Programming (SQP) and Genetic Algorithm (GA). Philippe et
al.[100] propose to create a local utility function for each CAV that is a function of the inverse of
distance every two CAV, the difference from the maximum velocity and difference from the initial
velocity. Then, the Probability Collectives (PC) method is used to optimize the utility function. In
[79], authors propose to use Discrete Forward-Rolling Optimal Control (DFROC) to minimize the
total delay of CAVs.

5.3 Heuristic Scheduling Approaches

Heuristic approaches take another way to solve the intersection management problem that isn’t
guaranteed to be optimal but is sufficient for reaching the immediate goal. For instance, researchers
from MIT have proposed a scheduling algorithm called BATCH[116] with a designating reordering
period. When the IM receives a request it doesn’t assign a velocity to the vehicle immediately.
Instead, it waits for a designated time period and keeps the record of all requests. Once the period
is over, it re-orders the entrance time of vehicles to get a better schedule. The most efficient pattern
of entry is chosen. Stevanovic et al. proposed a quite different approach to manage the intersection
through the re-arrangement of the typical lane configuration so that there are fewer conflicts in
the roadway itself[114].

Another heuristic approach is a bidding system to resolve conflicts within CAVs [120]. Vehicles
can bid currency to beat out other vehicles to get reservations for the intersection. In many cases, a
vehicle has to pay for the reservation of vehicles in front of it too in order to clear the queue. Wei
et al. [123] follow a game-theory approach to find a schedule that has the least conflicts. Another
heuristic approach is proposed by Jin et al. [60] where a mixture of a priority-based and an FCFS
is implemented, where vehicles with higher priorities are processed earlier. In a similar work,
Elhenaway et al. [44] propose a game theory-based heuristic based on the chicken game, where
vehicles approaching the intersection have a joint utility function associated with each action.

In [77], Li et al. proposed a similar approach where a reward function is defined based on two
metrics: crossing the intersection in a timely manner, not hitting any vehicles, and keeping a
reasonable distance from other vehicles. Makarem et al. [88] propose a method based on a local
navigation function that takes into account a vehicle’s size and ability to accelerate/decelerate
quickly when being scheduled. [11] follows a heuristic approach, where the IM determines the
highest possible velocity of arrival that a vehicle can achieve and then selects the schedule that
yields the earliest time of arrival.

AoKi et al. [9] propose a heuristic approach that is created from the integration of the FCFS
policy and a timeout policy. CAVs are normally served based on the FCFS but when the wait time
of a CAV is greater than a threshold, it interrupts the operation of the intersection and lets the CAV
with excessive wait time to pass. Wu et al. [125] proposed a reinforcement learning approach to
figure out a policy that is collision-free. The Q-learning method was used to update the policy and
intersection delay was used as the reward. In [22], Belkhouche et al. presented a heuristic approach
that finds the best crossing order based on the safety margins defined for crossing without collision.
Another heuristic scheduling approach is presented in [108] where vehicles report their utility
function to the IM and the IM determines a schedule such that it maximizes the utility values of
all vehicles while maintaining the fairness when possible. [28] and [36] look at the intersection
management as a verification problem where the goal is to check if there exists an input that such
that the system can avoid the set of Bad States or an unsafe situation. Wu et al. [124] propose to
use the current best known local solution using the Ant Colony Optimization (ACO) approach to
find the minimum wait time of vehicles. [34] proposes to create a Red-Black Tree from conflicts
and then traverse the tree and find the earliest time that the slot is available. Buckman et al. [29]
propose a modified version of FCFS to schedule CAVs where a negotiation occurs between CAVs in
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the form of pairwise swapping. They use Social Value Orientation (SVO) to create a utility function
and a swap occurs only when the summation of utility functions is increased.
We have categorized existing works based on their scheduling policy in table 4.

FCFS Optimization-based Heuristic
[10, 18, 25, 26, 48, 49, 53— [9, 11, 22, 28, 29, 34,
8,15, 23, 40, 42, 43, 46, 51,
[ 57,59, 61, 63-65, 70, 74— 36, 44, 60, 77, 88, 108,

52, 58, 62, 68, 69, 85, 104,

105, 109, 110, 115] 76,79, 80, 83, 84, 86, 89, 92, 94, 98, | 114, 116, 120, 123—

112, 113, 122, 126, 127, 129-133] 125]
Table 4. Categorizing existing works based on their scheduling policy.

The scheduling policy of intersection management is directly related to the throughput of
vehicles. In addition to throughput, fairness is a key metric in determining the scheduling policy
because waiting for a long time may not be acceptable for most people. The FCES algorithm fulfills
the fairness requirement and vehicles will not wait for an improperly long time. However, FCFS
may not be efficient and its performance degrades significantly as the intersection scales.

There is a tradeoff between fairness and the overall throughput that an approach achieves.
We believe that both throughput and fairness are important metrics and should be taken into
account for realistic implementations. On the contrary, a heuristic method can achieve better
throughput compared to FCFS and all vehicles will eventually receive a reservation i.e. vehicle
delay is bounded. Another disadvantage of optimization-based approaches is the delay due to the
processing time of the intersection management for finding the optimal schedule, and it becomes
worse as the intersection scales. On the other hand, analytical optimization-based approach and
heuristic approaches can avoid this problem.

6 WIRELESS TECHNOLOGY

Vehicle to everything (V2X) is a family of communication technologies that are used for information
sharing of vehicles with other vehicles (V2V), infrastructure (V2I), and pedestrian (V2P).

Currently, two types of wireless technologies exist for connected vehicles: i) DSRC (Dedicated
Short-range Communication) [32] and 2) Cellular-V2X (C-V2X). DSRC uses 802.11p protocol
at the physical layer [7] and its network architecture and security are defined by IEEE WAVE
standards [78]. DSRC uses SAE J2735 [93] standards to define message format at the application
layer and J2945/x [93] family of standards for defining performance requirements of different
V2X scenarios. One of the important messages in DSRC is Basic Safety Message (BSM) [3], which
is proposed to be used as a way to share information in some of the intersection management
papers [9, 12, 13, 15, 16, 103]. It should be noted that most of the existing works do not specifically
mention what wireless technology they propose to work.

C-V2X is a 3GPP communication technology [121] that works with the cellular network and
has controlled Quality of Service (QoS) [118]. C-V2X has two modes of operation, cellular commu-
nication (Uu) and direct communication (PC5). Uu mode enables V2V communications through
the cellular network while PC5 allows for direct communication among vehicles similar to DSRC.
DSRC achieves low latencies and high reliability when a few vehicles are present, however, its
performance deteriorates in a dense environment with many vehicles. C-V2X, on the other hand,
has shown more reliable latencies even in dense environments. In terms of communication range,
DSRC is more suitable for low-range communications, while C-V2X can provide long-range com-
munications. Compared to C-V2X, DSRC has been tested more often due to its availability (from
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2017) [107]. Since DSRC uses message broadcasting, it benefits from user anonymity but will be
inefficient as point-to-point communication is not possible.

DSRC C-V2X
good hardware support, proved | Long range communication
Pros to work with J2735 messages, | support, can perform point-
Anonymity of users to-point communication
limited range, message are broad-
Cons | cast only, may not reliable in dense | limited hardware support
areas

Table 5. Comparing DSRC with Cellar-V2X

Safety and efficiency of the intersection management depend on the latency, range, and rate of
the communication protocol. Since Intersection management has safety-critical timing constraints,
bounded time communication is needed to make sure messages are delivered to vehicles on time.
The communication range also plays a significant role in the correctness of intersection management
and can affect efficiency. Since CAVs cannot communicate with the infrastructure or each other
until they are close enough to the intersection, they should drive at a slower speed to make sure
when they receive the information for the first time, they have enough time to safely slow down
or in the worst-case stop if needed. Given the total amount of data that each CAV needs to send
and receive as well as the communication rate of the wireless technology is known, the maximum
capacity of the intersection management can be determined in terms of the number of vehicles
that can be present at the same time.

7 MANAGING MULTIPLE INTERSECTIONS

Since a city can be broken down into a grid of intersections, effective intersection management of
CAVs is key to city-wide traffic management. Hausknecht et al. [58] extended the AIM approach[41]
and proposed an intersection management policy for a grid of intersections. In this approach, the
intersection manager estimates the delay of traffic using 4 features: i) the total number of active
vehicles (TAV) that exists within the range of the intersections, ii) the total number of active vehicles
along the planned path (PAV), iii) the previously calculated PAV (oPAV) in the last step, and iv) the
average traversal time for the planned trajectory (TWA). The estimated traversal time of a vehicle
is then calculated as:

Test. = 0.09TAV + 0.83PAV + 0.250PAV + 0.25TWA + 2.26 (5)

The above equation is determined by simulating a single intersection and linear regression approach.
Once the estimated traversal time is determined for each vehicle, an A* search is performed to find
the best scheduling. The proposed algorithm is evaluated for a 2x2 grid of intersections.

In a similar work [81], the problem of CAV routing is solved using an iterative A*. There are 3 steps
in each iteration, i) batch processing stage, where the data of CAVs are collected using simulation,
ii) routing stage, where A” is used to find the best route for vehicles, and iii) congestion checking
stage, where vehicles are re-routed to avoid congestion. This approach predicts future traffic flows
using simulation. This approach is evaluated on different sizes of intersections up to 9x9 using
SUMO. Their iterative algorithm has shown better results compared to AIM’s multi-intersection
management approach.

In another work, a market-inspired [120] approach is proposed to manage a network of in-
tersections. The idea is that CAVs bid a price to get a reservation in order to drive through the
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intersections and intersection managers will follow an auction-based approach to provide the
reservation to CAVs. A model is provided for CAV drivers which considers the time of travel in a
free-flow scenario and the price of the travel governed by the intersection managers. This approach
is evaluated in a mesoscopic-microscopic simulator.

In a recent work [122], authors propose a greedy algorithm to optimize the sequence for route
planning in a grid of intersection.

Fine-grain information about the status (position, velocity, lane, route) of CAVs is more beneficial
for intersection management compared to coarse-grain information like traffic flow. However, the
processing of fine-grain information can be very compute-intensive and requires high-performance
computing solutions.

8 HYBRID (HUMAN-CAYV) INTERSECTIONS

Deployment of a fully autonomous intersection of CAVs is still far from happening since it is
unlikely to have an intersection exclusively for CAVs only. The intermediate step will have a
mixture of human-driven vehicles (HVs) and CAVs, which we refer to as hybrid intersections.

One of the first attempts to consider a hybrid intersection was a part of the AIM approach [41].
Dresner and Stone proposed FCFS+Light, an intersection management mechanism that is integrated
with a traffic light model. The intersection manager follows a query-based approach to assign
the reservation to incoming CAVs and HVs will follow the normal traffic light rules. In a similar
work, Sharon et al. proposed Hybrid-AIM (H-AIM) [110], which was built on FCFS+Light. The
main difference between FCFS+Light and H-AIM is that in FCFS+Light, IM immediately rejects
a reservation request that is received from a CAV if the light is red for the corresponding lane.
While in H-AIM, IM rejects the request only if another vehicle with a green light is present at the
intersection. H-AIM requires extra infrastructure to be integrated into the intersection management
system to detect the presence of vehicles.

Semi-AIM [115] is a modified version of AIM that allows HVs and semi-autonomous vehicles
to make reservations similar to CAVs. An interface e.g. a button is designed for HVs to send a
request to the IM. In semi-AIM, three vehicle models were considered: i) semi-autonomous with
communication (SA-COM) only, where the driver is permitted to pass if the entire lane is available,
otherwise, it has to slow down and follows the traffic signal, ii) semi-autonomous with cruise
control (SA-CC), where the driver gives the control to the driver agent to guide the vehicle through
the intersection. Afterward, the control is given back to the driver. The vehicle will enter the
intersection if it can maintain its velocity. Otherwise, it will act like the SA-COM model. iii) semi-
autonomous vehicles with adaptive cruise control (SA-ACC) where the vehicle sends an anchor
request to the IM and follows the front vehicle and enters the intersection if there is any. Otherwise,
it will follow the SA-CC model.

In another effort to consider HVs, researchers have considered a connected vehicle center
(CVC) [80] which can detect the movement and position of HVs through traffic detectors and set
green periods for them to enter the intersection when they reach the edge of the intersection. By
default, the light is red for all HVs and when the intersection is clear, CVC changes the light to
green for HVs. A Fuzzy Rule-based System (FRBS) [98] was proposed for an intersection of CAVs
and HVs where autonomous vehicles can detect the existence of HVs and take proper maneuver to
avoid them. This approach does not use traffic light and is limited to scenarios where HVs enter
the intersection from one road.

Fayazi et al. [47] proposed a device to be installed on the vehicle that suggests the desired speed
(a range of speed) to the driver to follow so that it will reach the intersection at the desired time
of arrival. This approach was tested on an actual vehicle and an API for the driver. In [111], Shen
et al. propose to use an On-Board Unit (OBU) to convey different communication signals to HVs.

, Vol. 1, No. 1, Article . Publication date: June 2020.



16 M. Khayatian, et al.

=N
H h— L
12! ”
120 7’ 7 \\
= )
:%: g /' AN
Lo s N
A L
1 4 ’
1 e G \\
1 s z N
A N e
1 —--%---- ] Best-case \I Worst-case
1 Request i | Response ! response !
______ ™ - i - ——— _'r-.-;_-u'. —_——
4 Y
(a) Considering a safety buffer
to account for localization errors
and model mismatch (b) Added safety buffer to account for round-trip delay.

Fig. 6. Different safety buffers considered to account for uncertainties

Two commands are envisioned for both CAVs and HVs, “pass” and “stop” and HVs are assumed to
follow the command.

Supporting HVs at an automated intersection not only requires installing an extra device on
vehicles, but it also needs training of drivers. Despite CAVs, HVs behavior may not be predictable
and can disrupt the operation of the intersection. Therefore, the management approach should
be flexible to handle HVs negligible mistakes or abnormal behaviors. Besides supporting human
drivers, a management algorithm should account for pedestrians. So far, not much attention is paid
to the management of pedestrians, and to the best of our knowledge, [97] is the only work that
considers scheduling of pedestrians.

9 SAFETY AND ROBUSTNESS

Since intersection management is directly dealing with vehicles that transport humans, it should
be safe and resilient against faults and uncertainties. Despite advances in localization approaches
e.g. Simultaneous Localization and Mapping (SLAM) [17], localization of autonomous vehicles is
not perfect yet.

Therefore, the IM should consider a larger size of the CAV when reserving a space-time slot
for a vehicle to ensures that vehicles don’t collide. We refer to this barrier as Safety Buffer. The
size of the safety buffer is directly related to the accuracy and precision of sensors (encoder, IMU,
GPS, camera, etc.) as well as the localization algorithms of the CAV and the maximum velocity of
the vehicle. A common way to consider a safety buffer is depicted in Figure 6a (a). Figure 6a(b)
depicts a safety buffer to account for position error due to round-trip delay. Besides position errors,
there are a number of faults/anomalies that may occur during the operation of the intersection
and can cause an accident. For example, a vehicle may break down inside the intersection or the
intersection management software/hardware may crash.

Localization Errors: The AIM approach [41] considers a safety buffer around each vehicle
to account for such uncertainties in the position due to inaccurate sensor readings (similar to
Figure 6a). Belkhouche et al. [22] follow another approach and consider a safety margin between
the cross-time of vehicles to account for uncertainties in the position of CAVs.

Network Failures: Network delay is an inherent part of the intersection management algorithm
because CAVs communicate over a wireless network. In existing papers on intersection management
of CAVs, it is assumed that CAVs trust the information that is received from other CAVs and schedule
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their cross-time accordingly. As a result, the safety of CAVs depends on the authenticity of the
information and the timeliness of sending and receiving the information.

Processing time: In addition to network delay, checking the conflict between CAVs and deter-
mining a safe schedule —especially in optimization-based approaches takes time. Since CAVs are
moving when waiting for a response from IM or other vehicles, the position at which they receive
the response is dependent on the round-trip delay (RTD) i.e. from the moment they send a request
and the moment they receive the response6b. Crossroads [8] proposes to do synchronization and
timestamping to make sure CAVs and the IM have the same notion of time. Andert et al. propose to
assign a “time to actuate” to each CAV to make vehicles behavior deterministic. By considering an
upper bound on the RTD, on-time actuation of CAVs can be guaranteed.

Vehicle Model Mismatch Another source of error is the considered model for CAVs. Any
inconsistency between the actual model and the considered model can result in accidents inside the
intersection. Additionally, a vehicle may face external disturbances like wind, bump, etc. that can
deviate its behavior from the expected one. There are many intersection management approaches
where a reference velocity profile is assigned to the CAV (to track). Although such approaches
work fine in ideal situations, they are not robust to an external disturbance (e.g. wind) or model
mismatches (e.g. a small mismatch in a parameter) and they can affect the eventual arrival time of
the CAV at the intersection. RIM [68] highlighted that the effect of bounded external disturbances
and model mismatches can be compensated if a CAV tracks a reference position profile instead of a
reference velocity profile.

Other Faults In the literature, researchers have modeled other sources of error and faults that
can occur during the operation of the intersection. In a version of the AIM approach [40], authors
assumed there is a way to let the IM know an accident has happened e.g. when the airbag sensor
triggers and then stop other vehicles by informing them. Another fault model that is considered
is a pedestrian/obstacle that suddenly starts crossing the intersection [76]. Li et al. proposed a
method where the first CAV that detects the pedestrian, lets other CAVs know that there is an
obstacle so that all CAVs stop. Dedinsky et al. [38] propose to use infrastructure-mounted cameras
to improve the robustness of the intersection against faults. In a recent study, Khayatian et al.
[66] proposed an intersection management approach called R2IM that is resilient against a “rogue
vehicle”, which is referred to a CAV that does not follow the IM’s command (stops or accelerates)
or share wrong information (deliberately or unintentionally). R2IM approach considers a large gap
between the cross-time os CAVs to ensure the safety in the presence of a rogue CAV. It was proved
that no accident will happen inside the intersection area as long as there is one rogue vehicle at
a time. To avoid accidents, the intersection management approach should have certain detection
methods. Not all scenarios can be detected from the exchanged data and therefore, there is a need
for environmental sensors to doublecheck the status of the CAVs.

10  GRACEFUL DEGRADATION AND RECOVERY

In reality, unexpected situations can happen which temporarily disrupt the normal operation of
the intersection e.g., an emergency vehicle approaching the intersection or a CAV breaking down
inside the intersection. The intersection management approach should have certain mechanisms to
resume the operation of the intersection once the emergency situation is resolved. We refer to the
process of resuming the operation of the intersection as “recovery”.

The AIM approach [40] has an inherent recovery mechanism integrated with it since it follows a
QB-IM approach. When an emergency is detected, the IM rejects all requests until the emergency
situation is cleared. Afterward, the IM starts accepting requests and will schedule CAVs.
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Li et al. [76] propose a recovery approach for scenarios where a pedestrian suddenly attempts to
cross the intersection. In this approach, another cooperative driving plan is regenerated when the
road is cleared.

Resuming the operation of the intersection is crucial to the liveness of the system and in some
scenarios, recovery may not be possible e.g. the intersection area is blocked due to an earthquake
or falling tree. As a result, CAVs must have a built-in recovery algorithm to re-route.

11 SECURITY CONCERNS

Security is an important aspect of any intersection management since vehicles communicate over
a shared medium (wireless communication). Security concerns are more serious in cooperative
intersection management approaches since the vehicle that schedules the intersection can be
malicious and cause a catastrophe.

Currently, modern vehicles have the potential of being the target of cyberattacks [30]. Such
attacks can be done by physically accessing the vehicle e.g. connecting to the Controller Area
Network (CAN) bus [71] or installing malicious applications [91]. Also, it can be done over wireless
communication [30], e.g. using Bluetooth or cellular channel. Similar attacks can be applied to the
intersection management system. Chen et al. [33] showed that a malicious agent can spoof the data
that connected vehicles send to the Intelligent Traffic Signal System (I-SIG) and therefore, cause
traffic congestion. In this attack, a malicious agent sends false data to deceive the I-SIG system and
cause a traffic jam.

In [23], Bentjen et al. analyzed two attack scenarios: 1) Sybil Attack, where the Sybil attacker
makes a false reservation or multiple reservations at a time. They showed that certain reservations
that have the most number of conflicts with other paths will have the most significant effect on
traffic congestion. 2) Squatting attack, where a CAV proposes to come to a complete stop within the
intersection which forces the intersection manager to assign very low velocities to other CAVs and
cause a traffic jam. The authors proposed to mitigate the Sybil by using a unique signed certificate
for each message or installing environmental sensors to detect vehicles. They also proposed to
mitigate the Squatting attack by specifying a lower-bound on the velocity of arrival that is proposed
by CAVs.

Despite the fact that extensive research is done on cybersecurity of automobiles, not much
research has been done on the cyber-security of intersection management systems. There can be
different types of Sybil attack [39] that may be applied to the intersection management system: i)
Nuisance, adding a delay in communication, ii) Herding, deceiving several intersection managers
to control a variety of cars, iii) Carjacking where the attacker spoofs the assigned speed for one or
multiple cars [23].

12 COMPARISON OF EVALUATION METHODS

In this section, we summarize the evaluation method of existing approaches. Some previous works
use existing simulation tools, some developed their own simulation from scratch, some implemented
an intersection with scale model vehicles, and some performed vehicle-in-the-loop (VIL) testing.
Figure 7 shows an overview of some of the existing methods of evaluation. We categorized existing
intersection management works based on their evaluation methods in Table 6.

SUMO[4] and VISSIM[6] are the most popular simulators that are used by the researchers.
AutoSIM[1], Gazebo[2], and Synchro are other simulators that have been used by researchers. For a
more realistic evaluation, researchers have developed scale model[8, 52, 68, 124]. There have been
a few implementations that include full-size vehicle[47, 105] that are conducted using VIL.

Among existing simulators, SUMO is suitable for large-scale simulation and fast execution
where the graphics are not important (simulates in 2D). SUMO, however, uses a simple model for
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JAVA Gazebo VISSIM AutoSIM 1112 scale model [89) 1125 scale model [101]

%J

MATLAB SUMO Vehicle-in the-loop [96] 1/20 scale model [65] 1/8 scale model [4]

Fig. 7. Researchers have evaluated their algorithms using existing simulators, simulator that they have
built from scratch, scale model intersections or vehicle-in-the-loop testing. Top row from left, 1) A simulator
developed in Java for AIM approach [41], 2) Gazebo, 3) VISSIM, 4) AutoSIM, 5) A 1/12 scale model intersection
by Fok et al. [52] 6) A 1/25 scale model intersection by Beaver et al. [20]. Bottom row from left, 1) A simulator
developed in MATLAB [68], 2) SUMO, 3)Vehicle-in-the-loop testing by Fayazi et al. [47], 4) A 1/20 scale model
intersection by Wu et al. [124], and 6) A 1/8 scale model intersection by Khayatian et al. [68].

Their Own Simulators VISSIM SUMO Other Scale i\;ehlctllfe
[6] [21] Simulators | Model Car
loop
[10, 18, 23, 40—
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109, 110, 115, 120, 127, | 129, 130] ’ ’ 124]
128, 130, 131, 133]

Table 6. Categorizing existing works based on their evaluation approach.

vehicle dynamics and therefore cannot model the behavior of vehicles accurately. Similarly, VISSIM
can perform large-scale simulations but it provides a 3D view and it can integrate high fidelity
models (e.g. from CarMaker). VISSIM is relatively slower than SUMO. Both SUMO and VISSIM can
model pedestrians too. Gazebo simulator has a good physics engine and graphical representation.
Gazebo can simulate multiple vehicles in 3D and accurately simulate vehicle sensors including
LIDAR, Camera, RADAR, Ultrasonic, etc. Gazebo, however, compute-intensive and requires a high-
performance computer to run smoothly when modeling multiple vehicles. Synchro and AutoSIM are
other simulators that are not well documented and rarely used. The integration of an intersection
management algorithm with Synchro and AutoSIM is challenging.

Currently, the state-of-the-art approach for intersection management of vehicles (either AVs,
CAVs or human-driven vehicles) is through controlling the traffic light and signal free approaches
have not been deployed yet to the best of our knowledge. Signal-free approaches are expected to
be tested on private test tracks like M-City [27], GoMentum Station[37], or Taiwan Car Lab[119]
first before the actual deployment on public roads.

Simulation-based evaluations are simpler to implement and reproduce, and easier to scale.
However, a simulation may not capture all challenges of an actual deployment. For instance, the
effect of network delay, vehicle model mismatch, computation time on the operation of the system,
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and the need for implementing clock synchronization, fail-safe routines, etc. are some challenges
of a real implementation.

13 CONCLUSION AND FUTURE WORKS

In this article, we conducted a survey on existing approaches for managing intersections of CAVs.
We enumerated key aspects of developing a real-life intersection management method and studied
existing works with respect to these aspects. Although extensive studies have been done on inter-
section management of CAVs, actual deployment of them is far from happening. This is mainly
because most existing works are focused on improving the throughput of the intersection and very
little research is done on security, robustness, and reliability of the intersection management. We
conclude with most important takeaways and challenges that are left open for researchers to tackle:

V2V/V2I Interface Depending on the interface used for the management of CAVs, the network
overhead varies. For instance, V2V approaches have higher overhead compared to V2I ones due to
the topology of the network, and query-based approaches (QB-IM) have higher overhead compared
to assigned-based techniques (AB-IM) due to the nature of the intersection management interface.
Additionally, network overhead changes based on the total size of the data that should be exchanged
among CAVs. In terms of scalability, V2V approaches are more popular as they do not require
support from the infrastructure and more reliable as the IM can be the single point of failure.
Although many intersection management algorithms are proposed for CAVs, there are other things
that should be considered in the design phase, which affects the final deployment e.g. the number
of lanes, lane width, allowing u-turn, allowing turns from specific lanes, etc. As a result, an ideal
intersection management algorithm should be flexible to be applied to different intersection types.

Vehicle Scheduling Policy There is a trade-off between fairness and the wait time of CAVs
and they both should be taken into account when the scheduling policy is developed. To figure
out how much deviation from fair scheduling is acceptable by the public, research in other fields
like psychological needs to be conducted. Another important metric for a scheduling policy is
computation overhead, which has not received much attention. It is desired to have a small pro-
cessing time in order to keep the safety buffers around vehicles to be small, which of course leads
to more efficient management. Also, there is a relationship between the computation time of the
scheduling algorithm and the size of the intersection. If the processing time is large, then CAVs
have to start communicating farther back in order to receive a reservation in time. Worst-case
Execution Time (WCET) analysis is required to set an upper bound on the processing time of the
scheduling. Optimization-based scheduling techniques achieve better throughputs compared to
other methods but their processing time to find the optimal solution is larger. Finding balanced
scheduling policies that are computationally light-weight, have bounded wait time in terms of
fairness and are efficient remains an open problem to be solved.

Wireless Technology In order to operate the intersection, the network delay should be small
enough. The network delay depends on many factors but importantly the total number of CAVs
that intend to communicate and the number of packets transmitted per CAV. Therefore, these
factors should be taken into account when the intersection management algorithm is designed to
verify their scalability.

Vehicle Dynamics Model Fidelity of the considered model for the vehicles corresponds to the
accuracy of predicting their behavior. Although complex models are more accurate, they require

, Vol. 1, No. 1, Article . Publication date: June 2020.



A Survey on Intersection Management of Connected Autonomous Vehicles 21

more computational resources and it may not be practical to use in real-time when the number of ve-
hicles increases. Also, there is a relationship between the inaccuracy in the model and the size of the
safety buffer considered for each CAV. Finally, it is also worth noting that developing an intersection
management algorithm based on a fixed model can result in a brittle system that can fail. As a result,
arobust design should be adaptive where the parameters of the model are determined at the runtime.

Multiple Intersections Management Management of multiple intersections can be very
compute-intensive for fine-grain models (when individual vehicles are considered). On the other
hand, managing vehicles based on a coarse-grain model (when abstract information is used e.g.
flow of traffic) is computationally less expensive but will be more inaccurate. Finding the right
granularity for processing the information and management depends on the allotted computational
resources.

Support for Human-driven Vehicles (HVs) A realistic intersection management interface
should be compatible with HVs since there will be a period where humans share the road with
AVs. Therefore, either traffic lights remain in charge of managing the intersection or on-board
devices should be used. In addition, intersection management should account for the crossing of
pedestrians. Pedestrians can use a device to (push buttons at the crosswalks, or cell phone) get a
reservation from the intersection.

Safety and Robustness Ideally, a proof for safety must be presented for an intersection man-
agement approach and its robustness should be evaluated with respect to different fault models.
Besides uncertainties in the position due to sensor error and model mismatch, there are other fault
models (e.g a car becomes does not follow IM’s command) that can cause an accident. A thorough
study must be done to identify such faults and proper safety measures should be envisioned in the
design.

Graceful degradation and Recovery In case of an emergency, the intersection operation stops.
Therefore, recovery should be a part of the intersection management algorithm too. Liveness anal-
ysis should be done for an intersection management algorithm to ensure it’s deadlock-free.

Security Concerns Security countermeasures should be implemented at different levels to keep
the intersection management system safe. Despite its importance, a very little study is done on the
security of intersection management algorithms. As a prerequisite, an intersection management
method should be tested when typical attacks are performed.

Evaluation methods Although simulation helps to evaluate the efficiency of an intersection
management algorithm, in most existing simulation-based evaluations, practical issues are ne-
glected that can affect not only the safety but efficiency of the algorithm. Also, in existing real
implementations, either a single vehicle is used (vehicle-in-the-loop) or scale model vehicles with
low velocity are used.

14 ACKNOWLEDGEMENT

This work was partially supported by funding from NIST Award 70NANB19H144, and by National
Science Foundation grants CNS 1525855 and CPS 1645578.

, Vol. 1, No. 1, Article . Publication date: June 2020.



22

M. Khayatian, et al.

REFERENCES

[1] [n.d.]. AutoSIM - Driving Simulators and Simulator Software. https://www.autosim.no/. [Online; accessed 03-June-

[16

(17
(18
(19
[20

[21

[22
[23

(24

[25

]

—_ = O

]

—

—

]
]

—

2019].

[n.d.]. Gazebo - Robot simulator. http://gazebosim.org/. [Online; accessed 03-June-2019].

[n.d.]. Overview of DSRC Messages and Performance Requirements. https://www.transportation.institute.ufl.edu/
wp-content/uploads/2017/04/HNTB-SAE-Standards.pdf. [Online; accessed 28-Jan-2019].

[n.d.]. Simulation of Urban MObility (SUMO). http://sumo.sourceforge.net/. [Online; accessed 03-June-2019].
[n.d.]. Statistics on Intersection Accidents. https://www.autoaccident.com/statistics-on-intersection-accidents.html.
[Online; accessed 30-May-2019].

[n.d.]. VISSIM - Simulating driving behaviour. http://vision-traffic.ptvgroup.com/en-us/products/ptv-vissim/. [Online;
accessed 03-June-2019].

AM Abdelgader and Wu Lenan. 2014. The physical layer of the IEEE 802.11 p WAVE communication standard: the
specifications and challenges. In Proceedings of the world congress on engineering and computer science, Vol. 2. 71.
Edward Andert, Mohammad Khayatian, and Aviral Shrivastava. 2017. Crossroads: Time-Sensitive Autonomous
Intersection Management Technique. In Proceedings of the 54th Annual Design Automation Conference 2017. ACM, 50.
Shunsuke Aoki and Ragunathan Raj Rajkumar. 2018. Dynamic intersections and self-driving vehicles. In Proceedings
of the 9th ACM/IEEE International Conference on Cyber-Physical Systems. IEEE Press, 320-330.

Faraz Ashtiani, S Alireza Fayazi, and Ardalan Vahidi. 2018. Multi-Intersection Traffic Management for Autonomous
Vehicles via Distributed Mixed Integer Linear Programming. In 2018 Annual American Control Conference (ACC). IEEE,
6341-6346.

Tsz-Chiu Au and Peter Stone. 2010. Motion Planning Algorithms for Autonomous Intersection Management.. In
Bridging the gap between task and motion planning.

Reza Azimi, Gaurav Bhatia, Raj Rajkumar, and Priyantha Mudalige. 2012. Intersection management using vehicular
networks. Technical Report. SAE Technical Paper.

Reza Azimi, Gaurav Bhatia, Raj Rajkumar, and Priyantha Mudalige. 2013. V2v-intersection management at round-
abouts. SAE International Journal of Passenger Cars-Mechanical Systems 6, 2013-01-0722 (2013), 681-690.

Reza Azimi, Gaurav Bhatia, Ragunathan Rajkumar, and Priyantha Mudalige. 2015. Ballroom intersection protocol:
Synchronous autonomous driving at intersections. In 2015 IEEE 21st International Conference on Embedded and
Real-Time Computing Systems and Applications. IEEE, 167-175.

Reza Azimi, Gaurav Bhatia, Ragunathan Raj Rajkumar, and Priyantha Mudalige. 2014. STIP: Spatio-temporal
intersection protocols for autonomous vehicles. In ICCPS’14: ACM/IEEE 5th International Conference on Cyber-Physical
Systems (with CPS Week 2014). IEEE Computer Society, 1-12.

Seyed Reza Azimi, Gaurav Bhatia, Ragunathan Raj Rajkumar, and Priyantha Mudalige. 2013. Reliable intersection
protocols using vehicular networks. In Proceedings of the ACM/IEEE 4th International Conference on Cyber-Physical
Systems. ACM, 1-10.

Tim Bailey and Hugh Durrant-Whyte. 2006. Simultaneous localization and mapping (SLAM): Part II. IEEE Robotics &
Automation Magazine 13, 3 (2006), 108-117.

Masoud Bashiri and Cody H Fleming. 2017. A platoon-based intersection management system for autonomous
vehicles. In Intelligent Vehicles Symposium (IV), 2017 IEEE. IEEE, 667-672.

Masoud Bashiri, Hassan Jafarzadeh, and Cody H Fleming. 2018. PAIM: Platoon-based Autonomous Intersection
Management. In 2018 21st International Conference on Intelligent Transportation Systems (ITSC). IEEE, 374-380.
Logan E Beaver, Behdad Chalaki, AM Mahbub, Liuhui Zhao, Ray Zayas, and Andreas A Malikopoulos. 2019. Demon-
stration of a Time-Efficient Mobility System Using a Scaled Smart City. arXiv preprint arXiv:1903.01632 (2019).
Michael Behrisch, Laura Bieker, Jakob Erdmann, and Daniel Krajzewicz. 2011. SUMO-simulation of urban mobility:
an overview. In Proceedings of SIMUL 2011, The Third International Conference on Advances in System Simulation.
ThinkMind.

Fethi Belkhouche. 2018. Collaboration and Optimal Conflict Resolution at an Unsignalized Intersection. IEEE
Transactions on Intelligent Transportation Systems (2018).

Karl C Bentjen. 2018. Mitigating the Effects of Cyber Attacks and Human Control in an Autonomous Intersection.
Technical Report. Air Force Institute Of Technology Wright-Patterson AFB OH.

Luis Conde Bento, Ricardo Parafita, and Urbano Nunes. 2012. Intelligent traffic management at intersections supported
by V2V and V2I communications. In 2012 15th International IEEE Conference on Intelligent Transportation Systems.
IEEE, 1495-1502.

Yougang Bian, Shengbo Eben Li, Wei Ren, Jianqiang Wang, Keqiang Li, and Henry Liu. 2019. Cooperation of
Multiple Connected Vehicles at Unsignalized Intersections: Distributed Observation, Optimization, and Control. IEEE
Transactions on Industrial Electronics (2019).

, Vol. 1, No. 1, Article . Publication date: June 2020.


https://www.autosim.no/
http://gazebosim.org/
https://www.transportation.institute.ufl.edu/wp-content/uploads/2017/04/HNTB-SAE-Standards.pdf
https://www.transportation.institute.ufl.edu/wp-content/uploads/2017/04/HNTB-SAE-Standards.pdf
http://sumo.sourceforge.net/
https://www.autoaccident.com/statistics-on-intersection-accidents.html
http://vision-traffic.ptvgroup.com/en-us/products/ptv-vissim/

A Survey on Intersection Management of Connected Autonomous Vehicles 23

[26] Youssef Bichiou and Hesham A Rakha. 2018. Developing an optimal intersection control system for automated
connected vehicles. IEEE Transactions on Intelligent Transportation Systems 20, 5 (2018), 1908-1916.

[27] UMTRI Briefs. 2015. Mcity Grand Opening. Research Review 46, 3 (2015).

[28] Leonardo Bruni, Alessandro Colombo, and Domitilla Del Vecchio. 2013. Robust multi-agent collision avoidance
through scheduling. In 52nd IEEE Conference on Decision and Control. IEEE, 3944-3950.

[29] Noam Buckman, Alyssa Pierson, Wilko Schwarting, Sertac Karaman, and Daniela L Rus. 2020. Sharing is Caring;:
Socially-Compliant Autonomous Intersection Negotiation. (2020).

[30] Stephen Checkoway, Damon McCoy, Brian Kantor, Danny Anderson, Hovav Shacham, Stefan Savage, Karl Koscher,
Alexei Czeskis, Franziska Roesner, Tadayoshi Kohno, et al. 2011. Comprehensive experimental analyses of automotive
attack surfaces.. In USENIX Security Symposium, Vol. 4. San Francisco, 447-462.

[31] Lei Chen and Cristofer Englund. 2015. Cooperative intersection management: A survey. [EEE Transactions on
Intelligent Transportation Systems 17, 2 (2015), 570-586.

[32] Qi Chen, Daniel Jiang, and Luca Delgrossi. 2009. IEEE 1609.4 DSRC multi-channel operations and its implications on

vehicle safety communications. In Vehicular Networking Conference (VNC), 2009 IEEE. IEEE, 1-8.

Qi Alfred Chen, Yucheng Yin, Yiheng Feng, Z Morley Mao, and Henry X Liu. 2018. Exposing Congestion Attack

on Emerging Connected Vehicle based Traffic Signal Control. In Network and Distributed Systems Security (NDSS)

Symposium 2018.

[34] Myungwhan Choi, Areeya Rubenecia, and Hyo Hyun Choi. 2019. Reservation-based traffic management for au-
tonomous intersection crossing. International Journal of Distributed Sensor Networks 15, 12 (2019), 1550147719895956.

[35] CNBC. [n.d.]. California now allows driverless truck and cargo van testing on public roads. https://www.cnbc.com/
2019/12/18/california-lets-driverless-trucks-cargo-vans-test-on-public-roads.html. [Online; accessed 16-March-
2020].

[36] Alessandro Colombo and Domitilla Del Vecchio. 2012. Efficient algorithms for collision avoidance at intersections. In
Proceedings of the 15th ACM international conference on Hybrid Systems: Computation and Control. ACM, 145-154.

[37] Akansel Cosgun, Lichao Ma, Jimmy Chiu, Jiawei Huang, Mahmut Demir, Alexandre Miranda Anon, Thang Lian,
Hasan Tafish, and Samir Al-Stouhi. 2017. Towards full automated drive in urban environments: A demonstration in
gomentum station, california. In 2017 IEEE Intelligent Vehicles Symposium (IV). IEEE, 1811-1818.

[38] Rachel Dedinsky, Mohammad Khayatian, Mohammadreza Mehrabian, and Aviral Shrivastava. 2019. A Dependable
Detection Mechanism for Intersection Management of Connected Autonomous Vehicles (Interactive Presentation). In
Workshop on Autonomous Systems Design (ASD 2019). Schloss Dagstuhl-Leibniz-Zentrum fuer Informatik.

[39] John R Douceur. 2002. The sybil attack. In International workshop on peer-to-peer systems. Springer, 251-260.

[40] Kurt Dresner and Peter Stone. 2008. Mitigating catastrophic failure at intersections of autonomous vehicles. In Pro-
ceedings of the 7th international joint conference on Autonomous agents and multiagent systems-Volume 3. International
Foundation for Autonomous Agents and Multiagent Systems, 1393-1396.

[41] Kurt Dresner and Peter Stone. 2008. A multiagent approach to autonomous intersection management. Journal of
artificial intelligence research 31 (2008), 591-656.

[42] Kurt M Dresner and Peter Stone. 2007. Sharing the Road: Autonomous Vehicles Meet Human Drivers.. In IJCAL Vol. 7.
1263-1268.

[43] Mourad Elhadef. 2015. An adaptable inVANETs-based intersection traffic control algorithm. In Computer and
Information Technology; Ubiquitous Computing and Communications; Dependable, Autonomic and Secure Computing;
Pervasive Intelligence and Computing (CIT/IUCC/DASC/PICOM), 2015 IEEE International Conference on. IEEE, 2387—
2392.

[44] Mohammed Elhenawy, Ahmed A Elbery, Abdallah A Hassan, and Hesham A Rakha. 2015. An intersection game-

theory-based traffic control algorithm in a connected vehicle environment. In Intelligent Transportation Systems

(ITSC), 2015 IEEE 18th International Conference on. IEEE, 343-347.

Patrick Emami, Mahmoud Pourmehrab, Marilo Martin-Gasulla, Sanjay Ranka, and Lily Elefteriadou. 2018. A Compar-

ison of Intelligent Signalized Intersection Controllers Under Mixed Traffic. In 2018 21st International Conference on

Intelligent Transportation Systems (ITSC). IEEE, 341-348.

David Fajardo, Tsz-Chiu Au, S Waller, Peter Stone, and David Yang. 2011. Automated intersection control: Performance

of future innovation versus current traffic signal control. Transportation Research Record: Journal of the Transportation

Research Board 2259 (2011), 223-232.

S Alireza Fayazi and Ardalan Vahidi. 2017. Vehicle-in-the-loop (VIL) verification of a smart city intersection control

scheme for autonomous vehicles. In 2017 IEEE Conference on Control Technology and Applications (CCTA). IEEE,

1575-1580.

Seyed Alireza Fayazi and Ardalan Vahidi. 2018. Mixed-integer linear programming for optimal scheduling of

autonomous vehicle intersection crossing. IEEE Transactions on Intelligent Vehicles 3, 3 (2018), 287-299.

(33

[t

[45

—

(46

=

(47

—

(48

[}

, Vol. 1, No. 1, Article . Publication date: June 2020.


https://www.cnbc.com/2019/12/18/california-lets-driverless-trucks-cargo-vans-test-on-public-roads.html
https://www.cnbc.com/2019/12/18/california-lets-driverless-trucks-cargo-vans-test-on-public-roads.html

24

(49]
(50]

[51]

(52]

M. Khayatian, et al.

S Alireza Fayazi, Ardalan Vahidi, and Andre Luckow. 2017. Optimal scheduling of autonomous vehicle arrivals at
intelligent intersections via MILP. In American Control Conference (ACC), 2017. IEEE, 4920-4925.

Yiheng Feng, Chunhui Yu, and Henry X Liu. 2018. Spatiotemporal intersection control in a connected and automated
vehicle environment. Transportation Research Part C: Emerging Technologies 89 (2018), 364-383.

Basilio Filocamo, Javier Alonso Ruiz, and Miguel Angel Sotelo. 2020. Efficient Management of Road Intersections
for Automated Vehicles—The FRFP System Applied to the Various Types of Intersections and Roundabouts. Applied
Sciences 10, 1 (2020), 316.

Chien-Liang Fok, Maykel Hanna, Seth Gee, Tsz-Chiu Au, Peter Stone, Christine Julien, and Sriram Vishwanath. 2012.
A platform for evaluating autonomous intersection management policies. In Cyber-Physical Systems (ICCPS), 2012
IEEE/ACM Third International Conference on. IEEE, 87-96.

[53] Jean Gregoire, Silvére Bonnabel, and Arnaud de La Fortelle. 2013. Optimal cooperative motion planning for vehicles

[54]
[55]

[56]

[57]
(58]

[59]

[60]

(61]

[62]

at intersections. arXiv preprint arXiv:1310.7729 (2013).

S Ilgin Guler, Monica Menendez, and Linus Meier. 2014. Using connected vehicle technology to improve the efficiency
of intersections. Transportation Research Part C: Emerging Technologies 46 (2014), 121-131.

Mehmet Ali Guney and Ioannis A Raptis. 2020. Scheduling-Based Optimization for Motion Coordination of Au-
tonomous Vehicles at Multilane Intersections. Journal of Robotics 2020 (2020).

Andreas Hadjigeorgiou and Stelios Timotheou. 2019. Optimizing the trade-off between fuel consumption and travel
time in an unsignalized autonomous intersection crossing. In 2019 IEEE Intelligent Transportation Systems Conference
(ITSC). IEEE, 2443-2448.

Bin Mohamad Nor Mohamad Hafizulazwan. 2018. Optimal Scheduling of Connected and Automated Vehicles at
Urban Intersections via MILP. In Proceedings of Joint Conference on Automatic Control. J-Stage, 160-165.

Matthew Hausknecht, Tsz-Chiu Au, and Peter Stone. 2011. Autonomous intersection management: Multi-intersection
optimization. In Intelligent Robots and Systems (IROS), 2011 IEEE/RSF International Conference on. IEEE, 4581-4586.
Constantin Hubmann, Marvin Becker, Daniel Althoff, David Lenz, and Christoph Stiller. 2017. Decision making for
autonomous driving considering interaction and uncertain prediction of surrounding vehicles. In 2017 IEEE Intelligent
Vehicles Symposium (IV). IEEE, 1671-1678.

Qiu Jin, Guoyuan Wu, Kanok Boriboonsomsin, and Matthew Barth. 2012. Advanced intersection management for
connected vehicles using a multi-agent systems approach. In Intelligent Vehicles Symposium (IV), 2012 IEEE. IEEE,
932-937.

Qiu Jin, Guoyuan Wu, Kanok Boriboonsomsin, and Matthew Barth. 2012. Multi-agent intersection management for
connected vehicles using an optimal scheduling approach. In Connected Vehicles and Expo (ICCVE), 2012 International
Conference on. IEEE, 185-190.

Qiu Jin, Guoyuan Wu, Kanok Boriboonsomsin, Matthew J Barth, et al. 2013. Platoon-based multi-agent intersection
management for connected vehicle.. In ITSC. 1462-1467.

[63] Johan Karlsson, Jonas Sjoberg, Nikolce Murgovski, Lowisa Hanning, Susan Luu, Vanessa Olsson, and Alexander

[64]

(65]

[66]

[67]

[68]

Rasch. 2018. Intersection crossing with reduced number of conflicts. In 2018 21st International Conference on Intelligent
Transportation Systems (ITSC). IEEE, 1993-1999.

Alexander Katriniok, Stefan Kojchev, Erjen Lefeber, and Henk Nijmeijer. 2018. Distributed Scenario Model Predictive
Control for Driver Aided Intersection Crossing. In 2018 European Control Conference (ECC). IEEE, 1746-1752.
Alexander Katriniok, Pantelis Sopasakis, Mathijs Schuurmans, and Panagiotis Patrinos. 2019. Nonlinear Model Pre-
dictive Control for Distributed Motion Planning in Road Intersections Using PANOC. arXiv preprint arXiv:1903.12091
(2019).

Mohammad Khayatian, Rachel Dedinsky, Sarthake Choudhary, Mohammadreza Mehrabian, and Aviral Shrivastava.
2020. R2IM - Robust and Resilient Intersection Management of Connected Autonomous Vehicles. In 2020 IEEE
International Conference on Intelligent Transportation Systems (ITSC). IEEE.

Mohammad Khayatian, Yingyan Lou, Mohammadreza Mehrabian, and Aviral Shirvastava. 2019. Crossroads+: A
Time-aware Approach for Intersection Management of Connected Autonomous Vehicles. ACM Transactions on
Cyber-Physical Systems 4, 2 (2019), 20.

Mohammad Khayatian, Mohammadreza Mehrabian, and Aviral Shrivastava. 2018. RIM: Robust Intersection Manage-
ment for Connected Autonomous Vehicles. In 2018 IEEE Real-Time Systems Symposium (RTSS). IEEE, 35-44.

[69] John Khoury and Joud Khoury. 2014. Passive, decentralized, and fully autonomous intersection access control. In

[70]

(71]

Intelligent Transportation Systems (ITSC), 2014 IEEE 17th International Conference on. IEEE, 3028-3033.

Maximilian Kloock, Patrick Scheffe, Sascha Marquardt, Janis Maczijewski, Bassam Alrifaee, and Stefan Kowalewski.
2019. Distributed Model Predictive Intersection Control of Multiple Vehicles. In 2019 IEEE Intelligent Transportation
Systems Conference (ITSC). IEEE, 1735-1740.

Karl Koscher, Alexei Czeskis, Franziska Roesner, Shwetak Patel, Tadayoshi Kohno, Stephen Checkoway, Damon
McCoy, Brian Kantor, Danny Anderson, Hovav Shacham, et al. 2010. Experimental security analysis of a modern

, Vol. 1, No. 1, Article . Publication date: June 2020.



A Survey on Intersection Management of Connected Autonomous Vehicles 25

automobile. In 2010 IEEE Symposium on Security and Privacy. IEEE, 447-462.

[72] Shravan Krishnan, R Govind Aadithya, Rahul Ramakrishnan, Vijay Arvindh, and K Sivanathan. 2018. A Look at
Motion Planning for AVs at an Intersection. In 2018 21st International Conference on Intelligent Transportation Systems
(ITSC). IEEE, 333-340.

[73] Scott Le Vine, Alireza Zolfaghari, and John Polak. 2015. Autonomous cars: The tension between occupant experience
and intersection capacity. Transportation Research Part C: Emerging Technologies 52 (2015), 1-14.

[74] Joyoung Lee and Byungkyu Park. 2012. Development and evaluation of a cooperative vehicle intersection control
algorithm under the connected vehicles environment. IEEE Transactions on Intelligent Transportation Systems 13, 1
(2012), 81-90.

[75] Joyoung Lee, Byungkyu Brian Park, Kristin Malakorn, and Jaechyun Jason So. 2013. Sustainability assessments of
cooperative vehicle intersection control at an urban corridor. Transportation Research Part C: Emerging Technologies
32 (2013), 193-206.

[76] Li Li and Fei-Yue Wang. 2006. Cooperative driving at blind crossings using intervehicle communication. [EEE
Transactions on Vehicular technology 55, 6 (2006), 1712-1724.

[77] Nan Li, Yu Yao, Ilya Kolmanovsky, Ella Atkins, and Anouck Girard. 2019. Game-Theoretic Modeling of Multi-Vehicle
Interactions at Uncontrolled Intersections. arXiv preprint arXiv:1904.05423 (2019).

[78] Yunxin Jeff Li. 2010. An overview of the DSRC/WAVE technology. In International Conference on Heterogeneous

Networking for Quality, Reliability, Security and Robustness. Springer, 544-558.

Zhenning Li, Qiong Wu, Hao Yu, Cong Chen, Guohui Zhang, Zong Z Tian, and Panos D Prevedouros. 2019. Temporal-

spatial dimension extension-based intersection control formulation for connected and autonomous vehicle systems.

Transportation Research Part C: Emerging Technologies 104 (2019), 234-248.

[80] Peiqun Lin, Jiahui Liu, Peter J Jin, and Bin Ran. 2017. Autonomous vehicle-intersection coordination method in a
connected vehicle environment. IEEE Intelligent Transportation Systems Magazine 9, 4 (2017), 37-47.

[81] Sheng-Hao Lin and Tsung-Yi Ho. 2019. Autonomous Vehicle Routing in Multiple Intersections. In Proceedings of
the 24th Asia and South Pacific Design Automation Conference (ASPDAC ’19). ACM, New York, NY, USA, 585-590.
https://doi.org/10.1145/3287624.3287723

[82] Bing Liu, Qing Shi, Zhuoyue Song, and Abdelkader El Kamel. 2019. Trajectory planning for autonomous intersection
management of connected vehicles. Simulation Modelling Practice and Theory 90 (2019), 16-30.

[83] Changliu Liu, Chung-Wei Lin, Shinichi Shiraishi, and Masayoshi Tomizuka. 2018. Distributed conflict resolution for
connected autonomous vehicles. IEEE Transactions on Intelligent Vehicles 3, 1 (2018), 18-29.

[84] Shuai Liu, Weitong Zhang, Xiaojun Wu, Shuo Feng, Xin Pei, and Danya Yao. 2019. A simulation system and speed
guidance algorithms for intersection traffic control using connected vehicle technology. Tsinghua Science and
Technology 24, 2 (2019), 160-170.

[85] Qiang Lu and Kyoung-Dae Kim. 2016. Intelligent intersection management of autonomous traffic using discrete-time
occupancies trajectory. Journal of Traffic and Logistics Engineering Vol 4, 1 (2016), 1-6.

[86] Qiang Lu and Kyoung-Dae Kim. 2019. A Mixed Integer Programming Approach for Autonomous and Connected
Intersection Crossing Traffic Control. In 2018 IEEE 88th Vehicular Technology Conference (VIC-Fall). IEEE, 1-6.

[87] AM Mahbub, Liuhui Zhao, Dimitris Assanis, and Andreas A Malikopoulos. 2019. Energy-Optimal Coordination of
Connected and Automated Vehicles at Multiple Intersections. arXiv preprint arXiv:1903.03169 (2019).

[88] Laleh Makarem and Denis Gillet. 2011. Decentralized coordination of autonomous vehicles at intersections. IFAC
Proceedings Volumes 44, 1 (2011), 13046-13051.

[89] Andreas A Malikopoulos and Liuhui Zhao. 2019. A closed-form analytical solution for optimal coordination of
connected and automated vehicles. In 2019 American Control Conference (ACC). IEEE, 3599-3604.

[90] Andreas A Malikopoulos and Liuhui Zhao. 2019. Decentralized Optimal Path Planning and Coordination for Connected
and Automated Vehicles at Signalized-Free Intersections. arXiv preprint arXiv:1903.04013 (2019).

[91] Sahar Mazloom, Mohammad Rezaeirad, Aaron Hunter, and Damon McCoy. 2016. A security analysis of an in-vehicle
infotainment and app platform. In 10th { USENIX} Workshop on Offensive Technologies ({ WOOT?} 16).

[92] Amir Mirheli, Mehrdad Tajalli, Leila Hajibabai, and Ali Hajbabaie. 2019. A consensus-based distributed trajectory
control in a signal-free intersection. Transportation Research Part C: Emerging Technologies 100 (2019), 161-176.

[93] Jim Misener. 2016. SAE connected vehicle standards.

[94] Nikolce Murgovski, Gabriel Rodrigues de Campos, and Jonas Sjoberg. 2015. Convex modeling of conflict resolution
at traffic intersections. In 2015 54th IEEE conference on decision and control (CDC). IEEE, 4708-4713.

[95] Elnaz Namazi, Jingyue Li, and Chaoru Lu. 2019. Intelligent intersection management systems considering autonomous
vehicles: a systematic literature review. IEEE Access 7 (2019), 91946-91965.

[96] Norbert Neuendorf and Torsten Bruns. 2004. The vehicle platoon controller in the decentralised, autonomous
intersection management of vehicles. In Mechatronics, 2004. ICM’04. Proceedings of the IEEE International Conference
on. leee, 375-380.

[79

—

flan)

, Vol. 1, No. 1, Article . Publication date: June 2020.


https://doi.org/10.1145/3287624.3287723

26

[97]

(98]

[99]

[100

=

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]
[116]
[117]

[118]

M. Khayatian, et al.

Tanja Niels, Nikola Mitrovic, Klaus Bogenberger, Aleksandar Stevanovic, and Robert L Bertini. 2019. Smart Intersection
Management for Connected and Automated Vehicles and Pedestrians. In 2019 6th International Conference on Models
and Technologies for Intelligent Transportation Systems (MT-ITS). IEEE, 1-10.

Enrique Onieva, Unai Hernandez-Jayo, Eneko Osaba, Asier Perallos, and Xiao Zhang. 2015. A multi-objective
evolutionary algorithm for the tuning of fuzzy rule bases for uncoordinated intersections in autonomous driving.
Information Sciences 321 (2015), 14-30.

Liam Paull, Jacopo Tani, Heejin Ahn, Javier Alonso-Mora, Luca Carlone, Michal Cap, Yu Fan Chen, Changhyun Choi,
Jeff Dusek, Yajun Fang, et al. 2017. Duckietown: an open, inexpensive and flexible platform for autonomy education
and research. In 2017 IEEE International Conference on Robotics and Automation (ICRA). IEEE, 1497-1504.

Charles Philippe, Lounis Adouane, Antonios Tsourdos, Hyo-Sang Shin, and Benoit Thuilot. 2019. Probability
Collectives Algorithm applied to Decentralized Intersection Coordination for Connected Autonomous Vehicles. In
2019 IEEE Intelligent Vehicles Symposium (IV). IEEE, 1928-1934.

Mahmoud Pourmehrab, Lily Elefteriadou, Sanjay Ranka, and Marilo Martin-Gasulla. 2017. Optimizing signalized
intersections performance under conventional and automated vehicles traffic. arXiv preprint arXiv:1707.01748 (2017).
Sasinee Pruekprasert, Xiaoyi Zhang, Jérémy Dubut, Chao Huang, and Masako Kishida. 2019. Decision Making for
Autonomous Vehicles at Unsignalized Intersection in Presence of Malicious Vehicles. arXiv preprint arXiv:1904.10158
(2019).

Bo Qian, Haibo Zhou, Feng Lyu, Jinglin Li, Ting Ma, and Fen Hou. 2019. Toward Collision-Free and Efficient
Coordination for Automated Vehicles at Unsignalized Intersection. IEEE Internet of Things Journal 6, 6 (2019),
10408-10420.

Jianglin Qiao, Dongmo Zhang, and Dave de Jonge. 2018. Virtual Roundabout Protocol for Autonomous Vehicles. In
Australasian Joint Conference on Artificial Intelligence. Springer, 773-782.

Michael Quinlan, Tsz-Chiu Au, Jesse Zhu, Nicolae Stiurca, and Peter Stone. 2010. Bringing simulation to life: A mixed
reality autonomous intersection. In Intelligent Robots and Systems (IROS), 2010 IEEE/RSF International Conference on.
IEEE, 6083-6088.

Jackeline Rios-Torres and Andreas A Malikopoulos. 2017. A survey on the coordination of connected and automated
vehicles at intersections and merging at highway on-ramps. IEEE Transactions on Intelligent Transportation Systems
18,5 (2017), 1066-1077.

Maria C Romero et al. [n.d.]. CARMA3 System Architecture. https://usdot-carma.atlassian.net/wiki/spaces/CAR/
pages/89587713/CARMA3+System+Architecture. [Online; accessed 16-March-2020].

Muhammed O Sayin, Chung-Wei Lin, Shinichi Shiraishi, Jiajun Shen, and Tamer Bagar. 2018. Information-driven
autonomous intersection control via incentive compatible mechanisms. IEEE Transactions on Intelligent Transportation
Systems 99 (2018), 1-13.

Guni Sharon, Stephen D Boyles, and Peter Stone. 2017. Intersection Management Protocol for Mixed Autonomous and
Human-Operated Vehicles. Transportation Research Part C: Emerging Technologies (Under submission TRC-D-17-00857)
(2017).

Guni Sharon and Peter Stone. 2017. A protocol for mixed autonomous and human-operated vehicles at intersections.
In International Conference on Autonomous Agents and Multiagent Systems. Springer, 151-167.

Zhaokun Shen, A Mahmood, Yafei Wang, and Lin Wang. 2019. Coordination of connected autonomous and human-
operated vehicles at the intersection. In 2019 IEEE/ASME International Conference on Advanced Intelligent Mechatronics
(AIM). IEEE, 1391-1396.

Jiahe Shi, Yi Zheng, Yuning Jiang, Mario Zanon, Robert Hult, and Boris Houskal. 2018. Distributed control algorithm
for vehicle coordination at traffic intersections. In 2018 European Control Conference (ECC). IEEE, 1166-1171.

Erik Steinmetz, Robert Hult, Zhenhua Zou, Ragne Emardson, Fredrik Bréannstrém, Paolo Falcone, and Henk Wymeersch.
2018. Collision-Aware Communication for Intersection Management of Automated Vehicles. IEEE Access 6 (2018),
77359-77371.

Aleksandar Stevanovic and Nikola Mitrovic. 2018. Combined Alternate-Direction Lane Assignment and Reservation-
based Intersection Control. In 2018 21st International Conference on Intelligent Transportation Systems (ITSC). IEEE,
14-19.

Peter Stone, Shun Zhang, and Tsz-Chiu Au. 2015. Autonomous Intersection Management for Semi-Autonomous
Vehicles. In Routledge Handbook of Transportation. Routledge, 116-132.

Remi Tachet, Paolo Santi, Stanislav Sobolevsky, Luis Ignacio Reyes-Castro, Emilio Frazzoli, Dirk Helbing, and Carlo
Ratti. 2016. Revisiting street intersections using slot-based systems. PloS one 11, 3 (2016), €0149607.

RW Timmerman and Marko AA Boon. 2019. Platoon forming algorithms for intelligent street intersections. arXiv
preprint arXiv:1901.04583 (2019).

Thouraya Toukabri, Adel Mounir Said, Emad Abd-Elrahman, and Hossam Afifi. 2014. Cellular Vehicular Networks
(CVN): ProSe-based ITS in advanced 4G networks. In 2014 IEEE 11th International Conference on Mobile Ad Hoc and

, Vol. 1, No. 1, Article . Publication date: June 2020.


https://usdot-carma.atlassian.net/wiki/spaces/CAR/pages/89587713/CARMA3+System+Architecture
https://usdot-carma.atlassian.net/wiki/spaces/CAR/pages/89587713/CARMA3+System+Architecture

A Survey on Intersection Management of Connected Autonomous Vehicles 27

Sensor Systems. IEEE, 527-528.

[119] Jason Sheng-Hong Tsai, Jyh-Ching Juang, Chia-Heng Tu, Tzong-Yow Tsai, Pau-Choo Chung, Chih-Chung Hsu,
Chao-Yang Lee, and Ching-Fu Lin. 2019. Development of Key Technologies for Autonomous Driving Vehicles. In 2019
International Automatic Control Conference (CACS). IEEE, 1-6.

[120] Matteo Vasirani and Sascha Ossowski. 2012. A market-inspired approach for intersection management in urban road
traffic networks. Journal of Artificial Intelligence Research 43 (2012), 621-659.

[121] Xuyu Wang, Shiwen Mao, and Michelle X Gong. 2017. An overview of 3GPP cellular vehicle-to-everything standards.

GetMobile: Mobile Computing and Communications 21, 3 (2017), 19-25.

Yunpeng Wang, Pinlong Cai, and Guangquan Lu. 2020. Cooperative autonomous traffic organization method

for connected automated vehicles in multi-intersection road networks. Transportation Research Part C: Emerging

Technologies 111 (2020), 458—476.

[123] Haoran Wei, Lena Mashayekhy, and Jake Papineau. 2018. Intersection Management for Connected Autonomous
Vehicles: A Game Theoretic Framework. In 2018 21st International Conference on Intelligent Transportation Systems
(ITSC). IEEE, 583-588.

[124] Jia Wu, Abdeljalil Abbas-Turki, and Abdellah El Moudni. 2012. Cooperative driving: an ant colony system for
autonomous intersection management. Applied Intelligence 37, 2 (2012), 207-222.

[125] Yuanyuan Wu, Haipeng Chen, and Feng Zhu. 2019. DCL-AIM: Decentralized coordination learning of autonomous
intersection management for connected and automated vehicles. Transportation Research Part C: Emerging Technologies
103 (2019), 246-260.

[126] Huile Xu, Yi Zhang, Li Li, and Weixia Li. 2019. Cooperative driving at unsignalized intersections using tree search.

IEEE Transactions on Intelligent Transportation Systems (2019).

Kaidi Yang, S Ilgin Guler, and Monica Menendez. 2016. Isolated intersection control for various levels of vehicle

technology: Conventional, connected, and automated vehicles. Transportation Research Part C: Emerging Technologies

72 (2016), 109-129.

[128] Yue Zhang, Andreas A Malikopoulos, and Christos G Cassandras. 2017. Decentralized optimal control for connected
automated vehicles at intersections including left and right turns. In 2017 IEEE 56th Annual Conference on Decision
and Control (CDC). IEEE, 4428-4433.

[129] Yue J Zhang, Andreas A Malikopoulos, and Christos G Cassandras. 2016. Optimal control and coordination of

connected and automated vehicles at urban traffic intersections. In 2016 American Control Conference (ACC). IEEE,

6227-6232.

Liuhui Zhao and Andreas A Malikopoulos. 2018. Decentralized optimal control of connected and automated vehicles

in a corridor. In 2018 21st International Conference on Intelligent Transportation Systems (ITSC). IEEE, 1252-1257.

[131] Xing Zhao, Jinxiang Wang, Yifeng Chen, and Guodong Yin. 2018. Multi-objective Cooperative Scheduling of CAVs at
Non-Signalized Intersection. In 2018 21st International Conference on Intelligent Transportation Systems (ITSC). IEEE,
3314-3319.

[132] Feng Zhu and Satish V Ukkusuri. 2015. A linear programming formulation for autonomous intersection control

within a dynamic traffic assignment and connected vehicle environment. Transportation Research Part C: Emerging

Technologies 55 (2015), 363-378.

Ismail H Zohdy, Raj Kishore Kamalanathsharma, and Hesham Rakha. 2012. Intersection management for autonomous

vehicles using iCACC. In Intelligent Transportation Systems (ITSC), 2012 15th International IEEE Conference on. IEEE,

1109-1114.

[122

—

[127

—

[130

=

[133

=

, Vol. 1, No. 1, Article . Publication date: June 2020.



	Abstract
	1 Introduction
	2 V2I/V2V Interface for Intersection Management
	2.1 Distributed Approaches
	2.2 Centralized Approaches

	3 Vehicle Dynamics
	4 Conflict Detection
	5 Scheduling Policy
	5.1 First-Come First-Served Approaches
	5.2 Optimization-based Approaches
	5.3 Heuristic Scheduling Approaches

	6 Wireless Technology
	7 Managing Multiple Intersections
	8 Hybrid (Human-CAV) Intersections
	9 Safety and Robustness
	10 Graceful Degradation and Recovery
	11 Security Concerns
	12 Comparison of Evaluation Methods
	13 Conclusion and Future Works
	14 Acknowledgement
	References

