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Abstract

Keywords: Intersection Management, Distributed Algorithms, Vehicle-to-Vehicle

Protocol, Message Filtering, Autonomous Vehicles.

The growing presence of connected and autonomous vehicles has accelerated
the need for efficient and safe intersection management. While centralized sys-
tems offer reliable coordination through vehicle-to-infrastructure communication.
In contrast, distributed approaches based on vehicle-to-vehicle communication offer
greater adaptability and reduced infrastructure costs, but often incur high message

overhead due to frequent broadcasting.

This work proposes a firewall-style Vehicle-to-Vehicle (V2V) protocol frame-
work that dynamically constructs message filtering rules to reduce communication
overhead while preserving situational awareness. A distributed intersection man-
agement framework is developed to evaluate three proposed protocols against two

benchmarks. Experimental results demonstrate that some protocols with filtering
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can match the efficiency of non-filtering baselines, highlighting that many messages
are redundant. The system achieves an acceptable low delay even under high traffic
density when finer conflict zone granularity is applied. It demonstrates robustness
against message loss rates of up to 55%. These findings underscore the potential
of the proposed framework for deployment in real-world environments with limited

infrastructure and communication interference.
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Chapter 1

Introduction

The rise of connected and autonomous vehicles (CAVs) has drawn more attention
to intersection management systems, which coordinate traffic flow near intersections
safely and efficiently through vehicular network communication. Most existing ap-
proaches are centralized, relying on an intersection manager to collect data from
vehicles or infrastructure and determine a global passing order of vehicles. Al-
though effective in control and reliability, such systems depend heavily on vehicle-
to-infrastructure (V2I) communication and require substantial infrastructure sup-

port. [§]

As a more flexible alternative, distributed approaches based on vehicle-to-
vehicle (V2V) communication have recently gained traction. They reduce infras-
tructure costs and better adapt to dynamic environments. However, in real-time
systems, vehicles must frequently broadcast messages to maintain situational aware-

ness, often resulting in excessive message overhead due to redundant information.

To address this, we propose a firewall-style V2V communication protocol
framework that dynamically generates lightweight filtering rules, allowing vehicles to
discard irrelevant messages and reduce communication load while retaining essential
awareness. We also develop a distributed intersection management framework to

evaluate the performance of the protocols. Our design enables trade-offs between
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message overhead, efficiency, and computational cost, offering flexibility for diverse
deployment scenarios. Furthermore, we analyze the robustness of the system in

non-filtering conditions, with a focus on its resilience to message loss.

This thesis begins with a review of related work and foundational models,
including a graph-based model [10] representation. Then it defines the problem,
details our proposed methodology, presents experimental results, and concludes with

key findings and directions for future research.
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Chapter 2

Related Works

Intersection management (IM) for connected and autonomous vehicles (CAV) is a
critical component of future intelligent transportation systems. Using vehicle-to-
everything (V2X) communication technologies such as DSRC and C-V2X, vehicles
can coordinate their movements in real time to reduce delays, energy consumption,
and collision risks—surpassing the performance of traditional signal-based traffic
control. Existing works on non-signalized IM can be broadly categorized into cen-

tralized and distributed frameworks [7].

2.1 Centralized Intersection Management

Centralized approaches dominated early research efforts. These methods
assume the presence of an intersection manager that gathers global information of

the whole intersection and computes a crossing schedule to prevent conflicts.

Several works have extended the basic centralized model to incorporate more
realistic assumptions. For example, Gholamhosseinian et al. [4] proposed a Plenary
Centralized Intersection Management Scheme (PCIMS) that accounts for vehicle
heterogeneity, road conditions, and safety constraints. Ahn et al. [1] formulated the
safety verification problem as a job-shop scheduling task. They design a supervisory

algorithm that takes control of vehicles only when a collision is imminent.
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To address the scalability limitations of traditional optimization-based co-
ordination, Guan et al. [5] propose an RL training algorithm, model accelerated
proximal policy optimization (MA-PPO), which integrates prior knowledge to re-
duce computation time. Pan et al. [13] also target computational efficiency through
a hierarchical optimization framework. By leveraging space-domain modeling and
reformulating the problem using second-order cone programming (SOCP), they en-

able fast scheduling for centralized coordination.

Another important class of work focuses on model-based methods with formal
safety guarantees. Lin et al. [10] propose a generic graph-based model. Based on the
proposed model, they derive verification techniques to identify and validate poten-
tial deadlocks. The intersection management challenge then becomes the problem
of designing a centralized graph-based cycle removal algorithm. Their experimental
results demonstrate the expressiveness of the proposed model and the effectiveness
and efficiency of the algorithm. Based on the work, Lin et al. [9] further consider the
impact of time violations, where vehicles may not strictly follow the controller’s in-
structions. They propose a Robustness-Aware Greedy Scheduling (RGS) algorithm
to mitigate the adverse effects of such violations. The results show that the algo-
rithm improves the robustness of the system while maintaining acceptable traffic

efficiency.

In summary, centralized methods provide high levels of controllability, effi-
ciency, and stability. However, they rely heavily on infrastructure support, such
as roadside units (RSU) and a central intersection manager, which introduces a
single point of failure. Moreover, they may incur longer communication delay and

significant computation overhead, particularly in dense or mixed traffic scenarios.
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2.2 Distributed Intersection Management

To overcome the limitations of centralized systems, distributed approaches
have been proposed, where each vehicle makes local decisions based on on-board
sensing and V2V communication, sometimes assisted by V2I, without a central in-
tersection manager. Although these methods reduce infrastructure dependency and
improve flexibility, they also introduce challenges in coordination, safety assurance,

and traffic efficiency.

Liang et al. [8] propose DIMP, a fully V2V-based protocol where vehicles
dynamically form clusters, elect leaders, and negotiate priorities. This improves
coordination and driving comfort without RSU. Some works leverage decentralized
model predictive control (MPC) [6]. Qian et al. [14] design an MPC framework under

fixed priority rules to ensure safety while enabling smooth and efficient crossing.

Several studies optimize for specific objectives. Malikopoulos et al. [11]
present an analytic framework to minimize energy use while maximizing through-
put. Campos et al. [15] integrate reachability analysis and heuristics to manage
collision risks, trading optimality for scalability. Gadginmath et al. [3] introduce a
two-phase algorithm with feature-based precedence for scalability. For scalability
and training efficiency, Cederle et al. [2] propose a multi-agent reinforcement learn-
ing (MARL) approach where vehicles select strategies using local 3D sensing and

pre-trained models.

Communication reliability is another critical concern. Orméndi et al. [12]
show that a CAM-only scheme can maintain safety even under degraded V2V con-
ditions. Using co-simulation, they demonstrate the impact of message delay, noise,

and loss on system performance.
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2.3 Motivation

Despite notable progress, several limitations remain. Centralized methods
face practical deployment challenges, including the single point of failure due to the

central controller, high infrastructure demands, and longer communication delays.

Distributed methods, while more flexible, often retain partial infrastructure
dependence and mainly focus on algorithm design or modeling. Crucially, few stud-
ies examine how the design of the V2V protocol impacts the robustness and perfor-
mance of the system. Important aspects such as levels of information exchange and
resilience to message loss remain underexplored. To address these gaps, this work
adopts a protocol-centric view of distributed intersection management. Our main

contributions include the following.

Propose a firewall-style V2V protocol design framework to filter out redundant

messages.

Design a distributed intersection management framework for evaluation.

Analyze trade-offs among message overhead, delay, and computation cost.

Demonstrate the robustness of the system under different message loss without

filtering.
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Chapter 3

Background

We begin by reviewing the foundational concepts, particularly the graph-based
model for intersection management introduced by [10], which serves as a basis for

our approach. First, we describe essential definitions and restrictions.

3.1 Intersection Definitions

An intersection space S = (I, A) includes intersection I = (=, T, L) and a set

of A ={d1,...,0,}. The basic components of the intersection space S are defined
as follows:
o = ={&,....§g} is a set of conflict zones. Conflict zones are the division of

the intersection space. No two vehicles can occupy the same conflict zone at

the same time.

o T = {ti,....tir} is a set of trajectories, where each trajectory t € T is a
finite non-repeating sequence of conflict zones with [t| > 0. A trajectory
consists of one or more conflict zones sequentially. All available trajectories
are predefined and satisfy the rule: vehicles from the same source lane never

merge after trajectory bifurcation.

o L={l,....lj5} is a set of source lanes (before the intersection). Trajectories
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from the same source lane start with the same conflict zone.

o A = {01,...,0a} is the set of vehicles, and a vehicle 0; is a triple (1;,t;, a;)
where [; € L is the source lane of the vehicle, t; € T is the trajectory of the
vehicle and a; € RT U {0} denotes the earliest arrival time of the vehicle. In
addition, vehicles do not change their trajectories, reverse, or overtake (i.e.,

they do not pass other vehicles from the same source lane).

e For each vehicle, the earliest arrival time is defined as the earliest possible
time it can begin entering the first conflict zone along its trajectory, assuming

that there is no delay caused by any other vehicle.

il L2 —L3) — Type-1

1/2 P > Type-2

2 [ : N > Type-3
W (2,1 e 4,1 @

(a) An Example of Traffic (b) The timing conflict graph derived from the left figure.

Flow.

Figure 3.1: An example of the graph-based model [10].

Conflict Zone

Figure 3.2: Different conflict zone granularities of an intersection [10]. In this thesis,
we consider cases with 4 or 16 conflict zones.
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3.2 Timing Conflict Graph

Next, we introduce the timing conflict graph (TCG) defined in [10]. A timing
conflict graph G = (V, E) for a given intersection space [ is a directed graph built

using the following rules:

e There is a vertex v;; if and only if conflict zone ; is on the trajectory of
vehicle ;. The vertex v; ; can be represented as (vid, cid), where vid denotes

the ID of vehicle ¢; (i.e., i), and cid denotes the ID of conflict zone &; (i.e., 7).

e There is a Type-1 edge (v; j,v; ;) if and only if the next conflict zone of &; on

the trajectory of 9, is &;.

e There is a Type-2 edge (v;;, vy ;) if and only if ¢; and 6, are from the same
source lane and the earliest arrival time of 9, is earlier than that of 4y, and ¢;

is on the trajectories of both ¢; and d;.

e There is a pair of Type-3 edges between v; ; and vy ; if and only if §; and dy

are from different source lanes, and ¢; is on the trajectories of both ¢; and d;/.

3.3 Distributed System

For a centralized intersection management system, the intersection manager
receives information from vehicles or intersection infrastructure within its commu-
nication range, assigns a time window for each vehicle to enter each conflict zone
along its trajectory, and sends messages to the controlled vehicles to inform them

of their schedules.

In this thesis, we adopt a distributed system for intersection management,

where each vehicle is equipped with a intersection manager that makes decisions
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based solely on its local view and locally available information. Each manager

controls only the actions of its corresponding vehicle.

In addition, vehicles communicate with each other via V2V communication
to exchange and update information, which is stored locally. Based on these locally

maintained data, each vehicle determines whether it is allowed to proceed.

10
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Chapter 4

System Modeling

This section begins by introducing two newly proposed concepts: edge waiting time
and conflict zone passing time. Then, it specifies the V2V message format adopted in
the thesis. We then present the formal problem formulation, followed by a discussion

of the key assumptions underlying our model.

4.1 Definitions
4.1.1 Edge Waiting Time

The edge waiting time refers to the time it takes for a vehicle to transition
from the point it starts leaving a conflict zone (or its source lane) to the point it
fully enters the next conflict zone on its path or exits the intersection entirely if no
further conflict zones remain. As illustrated in Figure 4.1(a), it corresponds to the

time taken for the dashed vehicle to reach the position of the solid vehicle.

4.1.2 CZ Passing Time

The conflict zone (CZ) passing time refers to the duration from when a vehi-
cle fully enters a conflict zone to when it is ready to exit. As shown in Figure 4.1(b),
it corresponds to the time taken for the dashed vehicle to reach the position of the

solid vehicle.

11

doi:10.6342/NTU202502495



(a) Edge waiting time. (b) Conflict zone passing time.

Figure 4.1: Time-related definitions.

4.1.3 V2V Message Format

In this work, the V2V messages exchanged between vehicles are represented
as tuples of the form (vid, fromCid, toCid, createdTime). For example, a message
(,7,4',7) indicates that at time 7, the vehicle ¢; is located in the conflict zone ¢,
and the next conflict zone along its trajectory ¢; is §;;. A special case is when j = —1,
which indicates that & is the first conflict zone on ¢;; conversely, j* = —1 means

that &; is the last conflict zone on t,.

4.2 Problem Statement

This work aims to investigate an V2V-only distributed approach to non-
signalized intersection management based on the graph-based model [10]. Specifi-
cally, we design and implement different V2V communication protocols of varying

levels of information exchange, without relying on a central intersection manager.

The objective is to analyze and compare the performance of these protocols
through simulation, under a fixed scheduling rule. We seek to evaluate how com-

munication strategies impact system efficiency and safety in a distributed setting.

To comprehensively assess protocol performance and robustness, we further

conduct extended experiments considering:

12
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e Message loss: Evaluate the robustness of each protocol under different mes-

sage drop rates.

e Conflict-zone granularity (ncz): Investigate the effect of different levels of

spatial partitioning within the intersection.

e Traffic density (\): Analyze how traffic arrival rates influence the behavior

of the system.

4.3 Assumptions

To focus the scope of this thesis on the design of V2V communication pro-

tocols, the following assumptions are made:

e Vehicle

— All vehicles are connected and autonomous.
— Each vehicle is equipped with a collision avoidance mechanism.
— All vehicles operate in synchronized global time.

— Each communication—decision cycle is assumed to take 0.1 seconds.
e Movement

— Each vehicle follows a predefined fixed trajectory that does not change

or move in reverse during the simulation.

— Vehicles from the same source lane do not overtake one another; their

order is fixed.

¢ V2V Communication

13
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— Vehicles exchange V2V messages at a frequency of 10 Hz, following the
SAE J2735 standard guideline for the transmission of the Basic Safety
Message (BSM).

— Each vehicle initially knows the planned trajectory and the earliest arrival

time of all other vehicles in the simulation round.

— A vehicle stops broadcasting messages 2 seconds after it fully exits the

intersection.

In addition, after initially receiving the planned trajectories and earliest ar-
rival times of other vehicles, each vehicle constructs the corresponding TCG and
applies a unified Type-3 edge removal algorithm. This algorithm removes all Type-
3 edges directed from a vehicle with a later earliest arrival time to one with an
earlier one. Specifically, the edge from v; ; to vy ; is removed if and only if a; > a;

or (a; =ay Ni <7').

As illustrated in Figure 4.2, assuming that vehicle IDs are assigned in as-
cending order of the earliest arrival time, the red edges indicate the Type-3 edges
selected for removal from each pair of conflicting edges. The algorithm ensures that

the resulting graph contains no cycles.

—> Type-1
--> Type-2

m —> Type-3
.......... 4,1 ) 4,
() {22y —(20)

Figure 4.2: Hlustration of the Type-3 edge removal algorithm on a TCG.

14
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Chapter 5

Methodology

In this section, we present the methodology for addressing the problem of distributed
intersection management under different V2V communication protocols. We begin
by defining five vehicle states and the transitions between them. Next, we describe
the data each vehicle maintains locally, how this information is updated upon mes-
sage reception, and the criteria a vehicle uses to decide whether to proceed. Finally,
we introduce the concept of a V2V protocol as defined in this thesis, followed by

detailed definitions of the three proposed and implemented protocols.

[ LEFT ]
Mrss last CZ

MOVING
Edge Waiti
[ WETEARGED ] Edge Passing geTim:: —&1 (Z Passing
Earliest
Arrival Time Move Requirements CZ Passing Time

sock | S Reaoy
| | | |

No preceding
vehicle on the lane

Figure 5.1: Vehicle state transitions modeled as a Finite State Machine (FSM).

15
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5.1 Vehicle States

We define five vehicle states and provide their definitions along with explana-
tions of the transitions between them. At any given time, each vehicle is in exactly
one of these states. The finite state machine illustrating these transitions is shown

in Figure 5.1.

¢ NOTARRIVED: The vehicle has not reached the intersection, which means
that its earliest arrival time q; is later than the current time. Transition to

BLOCK if current time > aj.

e BLOCK: The vehicle has arrived at the intersection but cannot move because
the preceding vehicles in the same source lane with earlier earliest arrival times
have not yet entered any conflict zone. Transition to READY once there are

no such preceding vehicles in the source lane.

e READY: The vehicle is ready to move. Transition to MOVING-Edge

Passing once all movement requirements are satisfied.
e MOVING: This state contains two substates:

— Edge Passing: The vehicle has begun leaving a conflict zone (or its source
lane) but has not yet fully entered the next conflict zone along its trajec-

tory. Transition to MOVING-CZ Passing once
current time > 7 + edge waiting time,

where 7 is the time the vehicle entered this state. If there is no subsequent
conflict zone (i.e., the current one is the last in its trajectory), the vehicle

transitions to the LEFT state instead.

16

doi:10.6342/NTU202502495



— CZ Passing: The vehicle is moving inside a conflict zone (CZ). Transition

to READY once
current time > 7 4 ¢z passing time,
where 7 is the time the vehicle entered this state.

e LEFT: The vehicle has exited the intersection.

5.2 State-based Decisions

In addition to vehicle state, each vehicle maintains a list that represents,
from its own perspective, the states of all vertices on the TCG. Each vertex state
can be either EXECUTED or UNKNOWN. Initially, all vertex states are set to UNKNOWN.

Upon receiving a message of the form
message = (i, 7,7, 7),

the vehicle marks the vertex (i, cid) as EXECUTED for all cid € ¢; such that cid appears

before j in the trajectory t;, which is a conflict zone sequence.

Each vehicle sends a message when it is in the READY, MOVING, or
LEFT state. In the LEFT state, broadcasting lasts at most two seconds (Sec-
tion 4.3).

Given the vehicle and vertex states, we now describe how a vehicle makes
a state-based movement decision. ¢; proceeds to move to &; when the following

conditions are satisfied:

e The vehicle state of §; is READY.

e In the local information of 9;, all vertices that have a type-3 edge pointing to

(,7) in the TCG are marked as EXECUTED.

17
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Under this movement requirement, the execution order of the vertices will strictly

follow the topological order.

.
o,

.
.,
.,

Figure 5.2: An example where ¢, intends to move from &, to &. The vertices marked
by red circles are considered, as they have type-3 edges pointing to vy .

5.3 Protocol

In this thesis, we define a firewall-style V2V protocol as a set of rules that de-
termine how a vehicle uses its own state and locally stored information to establish
and update the criteria for filtering V2V messages. Based on the predefined protocol
and the initial TCG, each vehicle can compute two sets: targetVids and targetCids.
These sets are dynamically updated during vehicle movement according to the pro-
tocol rules. As illustrated in Figure 5.3, a vehicle accepts a message (i, 7,7, 7) if
and only if (i € targetVidsV j' € targetCids). This firewall-like design effectively

reduces message overhead while enabling efficient and distributed coordination.

As a general assumption for all protocols, we consider that messages sent
from vehicles in the LEFT state are always accepted. It ensures that, under ideal
conditions (i.e., no message loss), no vehicle remains permanently stalled. Perma-
nent stalling can occur when a vehicle leaves the intersection and stops broadcasting
after a certain period, while another vehicle, the one that may eventually stall, fails

to receive its messages during that time. As a result, the vehicle may never obtain

18
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targetVidsI./I;;"
(o)) . . . . I." ’ (o))
(vid, fromCid, toCid, createdTime) [ ] ”’
"""""" ~
targetCids'.I”,

T4

Figure 5.3: A firewall-like design that filters messages based on the dynamically
maintained sets targetVids and targetCids.

the information necessary to meet its movement requirements. In particular, it may
be unable to mark certain vertices (7, j) as EXECUTED because vehicle ¢; has already

ceased communication.

We propose three protocols and one benchmark protocol without filtering for

comparison.

Protocol-0 (Benchmark-2): Receive messages from all vehicles.

e Construction of target sets:
targetVids =V,  targetCids = (),
where V = {1,2,...,|Al}.
e No filtering is applied.

Protocol-1: Receive messages from all vehicles currently competing with the ego

vehicle for the same conflict zone.

e Construction of target sets:
targetVids = 0,  targetCids = { cznext },

where cz,xt 1S the next conflict zone on the trajectory of the ego vehicle.

19
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e Update targetCids when the vehicle enters the MOVING-CZ Passing state.

Protocol-2: Receive messages from all vehicles that pose a potential collision risk

to the ego vehicle.

e Construction of target sets:
targetVids = {i € V \ {isas} | t: N tiy, # 0},  targetCids = 0,
where i4; denotes the vehicle ID of the ego vehicle.

e No update required.

Protocol-3: Receive messages from all vehicles that potentially pass through the

next conflict zone of the ego vehicle.

e Construction of target sets:
targetVids = {Z eV \ {iself} | CZpext € tz} ) ta?”getCidS = @,
where ¢z, and V are defined as previously.

e Update targetVids when the vehicle enters the MOVING-CZ Passing state.

20
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Chapter 6

Experimental Results

6.1 Experimental Settings

The experimental process begins with specifying the intersection structure
and the input data of the vehicles. Each vehicle then uses its onboard intersection
manager to construct a TCG and applies the fixed Type-3 edge removal algorithm,
as described in Section 4.3. During simulation, all vehicles operate in synchronized
time steps of 0.1 seconds and follow the same protocol. In each step, every vehicle

sequentially performs all or part of the following tasks:

1. Update its internal state, including vehicle state, targetVids, targetCids, etc.
2. Broadcast a message.

3. Receive and filter messages from other vehicles.

4. Update its local vertex state list based on the accepted messages.

5. Determine whether to move.

We design three experiments based on the proposed framework and protocols.

e Evaluate the performance of the proposed protocols on various scenarios.

e Examine the impact of message loss on each protocol.
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e Investigate the robustness of our distributed intersection management frame-

work in the presence of message loss.

Our experimental settings include the combinations of the following param-

eters:

e Simulation Duration: The earliest arrival times are distributed over a range

of 60 seconds.

e Traffic Density () [8]: Vehicles are generated uniformly across all source
lanes. The vehicle arrival process on each lane follows a Poisson distribu-
tion with parameter A\, which reflects traffic density and can be considered

approximately as the average number of vehicles arriving per second.

e Conflict-Zone Granularity (ncz): We consider two levels of granularity in
conflict-zone division, called the 4CZ and 16CZ configurations, as shown in

Figure 3.2.

e (Edge Waiting Time, CZ Passing Time): Based on the assumption that
the passing times of straight-crossing vehicles remain consistent across different
neoz values, the pair is set to (0.4, 1.4) for the 4CZ configuration and (0.4, 0.32)

for the 16CZ configuration.

e Drop Rate: From the perspective of a given vehicle, each message broadcast

by any other vehicle has a probability pa,e, 0f being lost.
e Protocols: In addition to Protocols 1-3, we define two benchmarks:

— Benchmark-1 (BM-1): All vehicles cross the intersection strictly in
the order of earliest arrival time. Each vehicle may enter the intersection

only after the previous has completely exited.
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— Benchmark-2 (BM-2): A baseline protocol (Protocol-0) used for com-

parison. No filtering is applied.

We categorize our evaluation metrics into two groups: robustness and per-

formance. The following metrics are used [§]:

e Leaving Time of the Last Vehicle (77): The total time required for all

vehicles to pass the intersection.

e Average Delay Time (Tp): Average delay experienced by all vehicles, cal-
culated as the difference between the actual passing time and the ideal (un-
blocked) passing time. The ideal passing time is defined as the time it would

take a vehicle to pass through the intersection without any interference.

e Accepted Message Count (AMC) per vehicle: The average number of
V2V messages accepted (i.e., not filtered) and processed by each vehicle during

simulation.

e Failure Rate: The percentage of simulations in which permanent stalling

occurs.

Each parameter setting is evaluated using 100 simulated traffic flows based on the
arrival rate (A) and simulation duration. The results are averaged over all runs.
Simulations are implemented in Python and run on a 64-bit Windows system with

an AMD Ryzen 7 5700U (1.80 GHz) and 16 GB RAM.

6.2 Simulation Results
6.2.1 Study 1: V2V Protocol Comparison

This study evaluates three V2V communication protocols and two bench-

marks (Protocols 1-3 and Benchmarks 1-2) under ideal conditions without loss of
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message. We consider three traffic densities (0.8, 1.2 and 1.6 vehicles/sec) and two

CZ granularities (4 and 16 zones).

For each setting, we generate 100 traffic flows. For each flow, we construct
the corresponding TCG, apply the type-3 edge removal algorithm, configure the
message filtering based on the protocol, and run a single simulation. The metrics

are then computed based on the results aggregated over the 100 simulations.

Tables 6.1, 6.2, and 6.3 summarize the results for 77, Tp, and the average
AMC per vehicle, respectively. As discussed in Section 5.3, permanent stalling is
prevented in ideal conditions, ensuring that all vehicles eventually pass through the

intersection in a finite time. The results for T, and T show the following trend:

e In BM-1, both T}, and T are significantly higher compared to other methods,
indicating that our intersection management framework effectively improves

efficiency by finer CZ division.

e Protocols 2 and 3 perform equivalently to BM-2 in terms of time-related met-
rics, despite applying message filtering. It suggests that many messages under

this framework may be non-essential to improving efficiency.

e Protocol 1 has obvious higher T}, and Tp and the lowest AMC per vehicle,

reflecting the trade-off between efficiency and message overhead.

e At the same arrival rate A, 16CZ significantly outperforms 4CZ in T, and Tp,

suggesting improved traffic efficiency with a finer CZ division.

e With the exception of BM-1, T, increases much slower than Tp as A increases,
demonstrating that the spatial utilization of the intersection improves along-

side the higher traffic density.
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Table 6.1: Average T}, (in seconds) under different protocols and benchmarks. i,

denotes the average number of vehicles.

A BM-1 BM-2 Protocol-1 Protocol-2 Protocol-3
"ol 4CZ | 16CZ | A4CZ | 16CZ | 4CZ | 16CZ | 4CZ | 16CZ | 4CZ | 16CZ

0.8 [47.1 | 201.4 | 187.0 | 110.2 | 72.4 | 113.2 | 79.8 | 110.2 | 724 | 110.2 | 724

1.2 | 70.6 || 296.3 | 278.5 | 167.0 | 100.2 | 171.6 | 116.0 | 167.0 | 100.2 | 167.0 | 100.2

1.6 | 97.4 || 403.5 | 381.5 | 229.0 | 136.4 | 235.0 | 158.6 | 229.0 | 136.4 | 229.0 | 136.4

Table 6.2: Average T (in seconds) under different protocols and benchmarks.
- BM-1 BM-2 Protocol-1 | Protocol-2 | Protocol-3
"o 4CZ | 16C7Z | ACZ | 16CZ | 4CZ | 16CZ | 4CZ | 16CZ | 4CZ | 16CZ
0.8 [47.1 | 678 | 620 | 229 | 5.7 | 243 | 88 |229| 57 |229] 57
1.2 {706 || 116.9 | 108.1 | 49.7 | 17.7 | 51.8 | 24.8 | 49.7 | 17.7 | 49.7 | 17.7
1.6 | 974 || 1724 | 160.6 | 80.3 | 349 | 83.3 | 45.5 | 80.3 | 349 | 80.3 | 34.9

Regarding the average AMC per vehicle, 16CZ generally results in lower
message counts than 4CZ. However, as \ increases, the difference narrows. The
reduced waiting time before intersection is offset by a more complex TCG, which
increases the time required to meet movement requirements. Consequently, vehicles
spend more time in conflict zones under the 16CZ configuration. Protocols 1 and 3
are more sensitive to ngyz than Protocol-2, probably because Protocol-2 uses fixed
filtering, while the others rely on state-based updates. Protocol-1 achieves the lowest
AMC per vehicle, and although Protocol 3 has a lower AMC than Protocol 2, it

requires dynamic updates, increasing computational cost.

Overall, the distributed intersection management system ensures that all
vehicles complete their tasks under ideal conditions. Each protocol shows different
trade-offs: Protocol 1 minimizes message overhead; Protocols 2 and 3 match the
efficiency of no-filtering benchmarks in 77, and 7T, but involve trade-offs between

message overhead and filtering update cost.
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Table 6.3: Average AMC per vehicle under different protocols and benchmarks.

- BM-1 BM-2 Protocol-1 Protocol-2 Protocol-3
™o 4CZ | 16CZ | 4CZ | 16CZ | 4CZ | 16CZ | 4CZ | 16CZ | 4CZ | 16CZ

0.8 |47.1 - - 3243 | 2387 | 1524 | 852 | 2700 | 1920 | 2160 | 1139
1.2 | 70.6 - - 5364 | 4845 | 2399 | 1440 | 4414 | 3750 | 3497 | 2017
1.6 | 974 - - 7622 | 7456 | 3370 | 2757 | 6222 | 5647 | 4936 | 2948

6.2.2 Study 2: Impact of Message Drop

The previous study assumes an ideal environment with a drop rate of zero,
i.e., no message loss. Although this setting is useful for highlighting the charac-
teristics of different configurations and V2V protocols, it does not reflect real-world
conditions. In this study, we introduce message loss by varying the drop rate to simu-
late environments with different levels of communication reliability and observe how

each protocol performs under these conditions.

We focus on the 4CZ configuration and fix the vehicle arrival rate A at 1.2.
Message loss is modeled by setting a drop rate pgwop, wWhich means that from a
vehicle’s perspective, any message has a probability py..p of being lost. We test four
drop rate settings: 0, 0.25, 0.5, and 0.75. All other parameters and settings are

consistent with those used in Study 1.

The results are presented in Tables 6.4 and 6.5. Since message loss may lead
to permanent stalling, table entries are gray if any of the 100 simulations in that
setting resulted in stalling. Furthermore, any simulations affected by permanent

stalling failures are omitted from the metric computations.

In general, drop rates between 0 and 0.5 cause only slight increases in 17,
and Tp, indicating that moderate message loss has a limited impact on efficiency.
However, at sufficiently high drop rate (e.g. 0.75), permanent stalling may occur,

leading to task failure.
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Table 6.4: Average T, and Tp (in seconds) at different drop rates.

BM-1 BM-2 Protocol-1 | Protocol-2 | Protocol-3
Paee ™ T To | To [ To | To [ To | Tt [ To | Tt | To
0.0 || 296.3 | 116.9 | 167.0 | 49.7 | 171.6 | 51.8 | 167.0 | 49.7 | 167.0 | 49.7

0.25 - - 168.2 | 50.3 | 172.8 | 52.4 | 168.2 | 50.3 | 168.3 | 50.3
0.50 - - 170.6 | 51.5 | 175.4 | 53.6 | 170.7 | 51.5 | 170.8 | 51.5
0.75 - - 165.3 | 48.5 | 151.5 | 43.3 | 172.0 | 51.7 | 171.7 | 55.2

Table 6.5: Average AMC per vehicle at different drop rates.

Pdrop | BM-1 | BM-2 | Protocol-1 | Protocol-2 | Protocol-3
0.0 - 5364 2399 4414 3497
0.25 - 4043 1805 3328 2635
0.50 - 2727 1211 2240 1774
0.75 - 1277 504 1099 907

For any protocol, the AMC per vehicle approximately follows the relation-
ship:
AMC ~ AMCy x (1 — parop),
where AMCj is the AMC value in the same setting but pg,.p = 0. In addition,

variations in the drop rate affect all protocols in a similar manner, with no obvious

differences observed.

6.2.3 Study 3: Robustness of the System

We also evaluate the relationship between the drop rate and the failure rate.
In this study, we focus solely on BM-2 (a no-filtering protocol) and vary the drop rate

from 0.55 to 0.75 in increments of 0.025 to examine its effect on system robustness.

Figure 6.1 shows the failure rate as a function of the drop rate. Permanently
stalled vehicles begin to appear when the drop rate reaches approximately 0.6. From
0.65 to 0.75, the failure rate increases almost linearly. These results suggest that

the system remains robust without filtering up to a drop rate of around 0.55.
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Figure 6.1: Failure rate vs. drop rate under the BM-2 protocol.

6.3 Discussion

The experimental results demonstrate that the distributed intersection man-
agement framework exhibits robustness against message drop rates. Under the 16CZ
configuration, the protocols achieve acceptable delay performance, although Pro-
tocol 1 shows lower efficiency. Each protocol presents trade-offs among message

overhead, delay, and computational cost.

The results confirm that the CZ granularity strongly affects the system per-
formance. As expected, 16CZ offers greater flexibility and higher throughput, lead-
ing to a shorter delay. However, the total message count grows more rapidly in 16CZ
than in 4CZ, as the time that vehicles spend in the intersection grows faster with
increasing traffic density. This leads to a faster increase in the broadcast duration
and the message count with increasing A\. The increased message overhead reduces
scalability. We conclude that ngoz is a key factor influencing traffic efficiency in

distributed intersection management.
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Chapter 7

Conclusion

In summary, this thesis presents novel frameworks for distributed intersection man-
agement with only V2V and for the design of a firewall-style V2V protocol. Based
on these frameworks, we propose and implement three V2V communication proto-
cols along with two baseline benchmarks. A comprehensive evaluation is conducted
to analyze their performance in terms of traffic efficiency, message overhead, and

computational cost.

Our results show that some filtering-based protocols deliver time-related per-
formance comparable to the non-filtering benchmark, indicating that many messages
may have limited impact on traffic efficiency in the proposed framework. Moreover,
finer CZ granularity consistently improves performance, enabling higher throughput
and lower delays. Specifically, with the 16CZ configuration, the proposed protocols
maintain acceptable delays even at high traffic density (e.g., 1.6 vehicles/sec), while
in 4CZ, the delay is often too high to be considered acceptable by drivers. The
framework also exhibits robustness to message loss, tolerating drop rates up to 0.55,

highlighting its potential in less-than-ideal communication environments.

In future work, the proposed framework can be extended to support real-time
or online scheduling with minimal modifications, as each vehicle’s movement re-

quirements depend only on vehicles with earlier earliest arrival times. This property
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also enables the development of more stringent rules to filter messages. Although
the lack of standardized assumptions (e.g., edge waiting times or CZ crossing du-
rations) limits direct comparisons with centralized approaches, existing scheduling
algorithms could be integrated and evaluated within this distributed framework.
As another future extension, relaxing movement constraints—for example, allowing
moves as long as no target vertex is NON_EXECUTED instead of requiring all to be
EXECUTED—may violate the topological order for vertex execution. In such cases,
deadlock detection and cycle-removal algorithms can be introduced to maintain safe

and efficient coordination.
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