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Towards Efficient Autonomous Vehicle Systems: A Multi-Layer Ap-

proach

Dong Li

(ABSTRACT)

This dissertation presents a multi-layer framework to enhance the efficiency, predictability,
and scalability of autonomous vehicle (AV) systems by addressing critical challenges across
system, application, and communication layers. At the system layer, a novel Extended
Conflict Directed Graph (ECDG) model is introduced to enable dynamic lane assignment
in unsignalized intersection management, improving flexibility and traffic flow coordination.
A scheduling algorithm based on breadth-first search achieves up to 16.3% reduction in
intersection evacuation time and 27.7% improvement in traffic efficiency. At the application
layer, a 1-opt local search-based scheduling framework is proposed for non-preemptive real-
time Directed Acyclic Graph (DAG) tasks. Using convex subspace partitioning and linear
programming to minimize timing metrics such as Data Age, Reaction Time, and Time
Disparity, the approach yields 20% to 40% reductions in worst-case latency with strong
scalability and polynomial-time complexity. At the communication layer, the Partitioned
Combined-DBP-TCCP (PCDT) protocol enables wait-free multicore data communication
with configurable buffer strategies tailored to task timing requirements. Two optimization
strategies, priority assignment with preemption thresholds (PA-MBTT) and wait-free-aware
task partitioning (WFAP+), further reduce memory demands, achieving over 50% savings
in simulation and 43% in a real-world automotive case study. Together, these contributions

form an integrated and theoretically grounded solution for building real-time, safe, and



resource-efficient AV platforms, advancing the state of the art in autonomous systems and

real-time embedded computing.



Towards Efficient Autonomous Vehicle Systems: A Multi-Layer Ap-

proach

Dong Li

(GENERAL AUDIENCE ABSTRACT)

Autonomous vehicles (AVs), also known as self-driving cars, have the potential to make
transportation safer, more efficient, and more convenient. However, making these vehicles
truly safe and reliable requires solving many complex problems, especially in how they make
decisions, handle real-time tasks, and communicate within their onboard computers. This
dissertation explores how to improve the systems that support autonomous driving by fo-
cusing on three important challenges. First, it proposes a smarter way for self-driving cars
to safely pass through intersections that do not use traffic lights. This method allows cars
to negotiate lane choices and timing with each other using connected communication, which
helps reduce traffic delays and the risk of accidents. Second, it introduces a new scheduling
method that helps a vehicle’s computer process important tasks, like combining data from
sensors or reacting to road conditions, in the right order and within strict time limits. This
approach is especially useful for systems that avoid interrupting tasks once they start, which
is common in modern vehicle computers. Third, the research develops a more efficient way
for different parts of a vehicle’s computing system to share data without delays or memory
waste, which is critical in safety-focused environments. Together, these contributions help
make the systems inside autonomous vehicles more dependable and efficient, bringing us

closer to a future where self-driving technology can be safely used on a large scale.
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Chapter 1

Introduction

1.1 Motivation and Background

Autonomous Vehicle (AV) systems are rapidly emerging as a transformative force in modern
transportation. These systems promise to improve road safety, improve traffic efficiency,
reduce energy consumption, and introduce new paradigms of personal mobility. AVs are
expected to mitigate human error, one of the leading causes of traffic accidents, while also
addressing long-standing issues such as traffic congestion and inefficient use of transporta-
tion infrastructure. Realizing these promises, however, requires much more than artificial
intelligence or perception algorithms. It also demands the development of highly integrated
real-time embedded systems capable of performing complex computations with stringent

guarantees on timing, safety, and reliability.

The operational requirements of autonomous vehicles are fundamentally different from those
of traditional computing systems. AVs must continuously sense the environment, fuse sensor
data, make decisions, and execute controls, all in real time. These tasks are executed on
embedded platforms that often have limited computational resources and strict power con-
straints, particularly when deployed on edge devices. As such, AV systems must be designed
to deliver high performance with predictability, robustness, and scalability under dynamic

and uncertain conditions.
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Much of the recent progress in autonomous driving has focused on machine learning and
perception, with breakthroughs in object detection, semantic segmentation, and trajectory
prediction [8, 24, 79, 83]. While these advances are essential, the timely and safe execution
of perception and control algorithms depends critically on the efficiency and predictability
of the underlying embedded and real-time systems. These foundational systems handle task
scheduling, inter-core communication, memory management, and coordination protocols—

all of which must operate reliably under strict deadlines.

Three key architectural layers are especially critical to achieving high-performance and pre-

dictable AV operation:

1. System-layer vehicle coordination, such as efficient scheduling at intersections

without traditional traffic lights.

2. Application-layer real-time task scheduling, particularly for complex pipelines

modeled as directed acyclic graphs (DAGs).

3. Middleware-layer communication mechanisms for multicore platforms, where

inter-core data consistency and memory efficiency must be maintained.

1.1.1 System-Layer Challenges in Unsignalized Intersections

Intersections are among the most complex and accident-prone segments of urban road net-
works. According to data from the Federal Highway Administration, intersections accounted
for over 27.4% of traffic fatalities in the United States in 2022 [33], with roughly half of all
traffic injuries also occurring at these locations. The need for safer and more efficient inter-

section management is both urgent and well-documented.

The introduction of Connected and Automated Vehicles (CAVs) presents a transforma-



1.1. MoTI1vATION AND BACKGROUND 3

tive opportunity to re-imagine intersection control. CAVs can leverage vehicle-to-vehicle
(V2V) and vehicle-to-infrastructure (V2I) communication technologies [74] to coordinate
their movement in a decentralized and intelligent manner, potentially eliminating the need
for traditional traffic signals. This paradigm shift holds the promise of reducing delays,
minimizing collisions, and increasing intersection throughput. However, achieving this vi-
sion requires the development of robust algorithms capable of handling a wide variety of

intersection layouts, vehicle trajectories, and traffic conditions, all in real time.

Numerous approaches have been proposed for autonomous intersection management. These
include Model Predictive Control (MPC)[4], centralized optimization techniques[73, 82, 110],
and Dynamic Programming (DP)-based scheduling [108]. While these methods offer strong
theoretical performance, they often rely on highly accurate vehicle models and require sub-
stantial computational resources, which can hinder real-time deployment in dynamic traffic

environments.

To address these limitations, some researchers have proposed simplifications such as virtual
platooning, conflict point reservation, or discretized grid-based methods. Another promising
class of approaches uses graph-based abstractions [20, 22, 66, 105], in which vehicle trajec-
tories and conflicts are encoded as graph elements. Among these, Conflict Directed Graphs

(CDGs) have shown particular promise for scalable and flexible intersection scheduling.

Despite these advancements, an important limitation of many graph-based approaches is
the assumption of fixed departure lanes. Most existing models treat lane changing and in-
tersection scheduling as sequential, decoupled processes. This restricts scheduling flexibility
and often leads to suboptimal traffic flow. Prior work on “all-direction turn lanes” [47, 50]
and “flexible lane directions” [19] provides valuable insights into adaptable infrastructure,
but these methods typically constrain each vehicle to a predetermined lane selection strat-

egy. There also remains a gap in the literature for methods that integrate dynamic lane
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assignment directly into intersection scheduling decisions.

1.1.2 Application-Layer Challenges in DAG Task Scheduling

Autonomous vehicle applications increasingly rely on computational pipelines that consist
of tightly coupled tasks with complex data dependencies. These pipelines are frequently
modeled as directed acyclic graphs (DAGs), where each node represents a task and edges
indicate data or control dependencies [1, 32, 41, 42, 55, 70, 95]. Scheduling such DAGs
on embedded processors is a nontrivial challenge, especially under nonpreemptive execution

constraints commonly used on GPU-like architectures.

The most critical performance metrics in this domain include the Data Age, Reaction Time,
and Time Disparity (DARTD) of cause-effect chains. These metrics directly affect the re-
sponsiveness and control stability of the AV system. Ensuring low DARTD is essential for

real-time control systems that operate on streaming sensor data.

Traditional methods for scheduling DAG tasks include greedy heuristics [92, 100] and meta-
heuristic algorithms [95, 123, 128], which offer general applicability and modest computa-
tional costs. However, these approaches lack performance guarantees and often fail to scale to
larger DAGs. Exact optimization techniques, such as Integer Linear Programming, provide

strong optimality bounds but suffer from prohibitive computational complexity.

There is a pressing need for scheduling algorithms that combine scalability with strong
performance bounds in minimizing DARTD, especially under the non-preemptive constraints

common in real-time AV platforms.
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1.1.3 Challenges for Middleware-Layer Communication Mecha-

nisms in Multicore

Modern AV platforms increasingly deploy multicore embedded processors to support parallel
execution of perception, planning, and control tasks. While multicore architectures offer
significant performance benefits, they also introduce complexity in managing communication

between tasks, particularly when tasks are mapped to different cores.

Efficient inter-core communication is essential for maintaining data consistency and timing
predictability in real-time systems. Traditional lock-based synchronization protocols, such as
the Priority Ceiling Protocol [87] and Stack Resource Policy [9], are widely used for protecting
shared resources. However, these mechanisms introduce blocking time and priority inversion,
which are highly undesirable in systems with strict timing requirements. These effects are

unacceptable in hard real-time systems where deadline misses can compromise safety.

As a result, lock-free and wait-free communication protocols have gained attention. Wait-free
methods are particularly attractive because they provide guaranteed bounds on execution
time, eliminating the risk of blocking entirely. However, most wait-free protocols replicate
data across multiple buffers to preserve consistency, leading to high memory consumption.

This is especially problematic in memory-constrained embedded systems.

Furthermore, existing wait-free strategies often neglect global system-level factors such as
task priorities, preemption behavior, and partitioning policies. There remains a gap in in-
tegrating communication protocols with system-aware scheduling and memory optimization

strategies that work efficiently in multicore platforms.
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1.2 Overview of Approach and Results

This dissertation proposes a multi-layer optimization framework to address key inefficiencies
and challenges in autonomous vehicle systems. It focuses on three interconnected layers: (1)
system-layer vehicle coordination at unsignalized intersections, (2) application-layer schedul-
ing of non-preemptive real-time DAG tasks, and (3) middleware-layer wait-free communi-
cation in multicore embedded systems. Each layer contributes a set of novel methodologies
supported by theoretical analysis and experimental evaluation. Together, they form a cohe-

sive architecture for building scalable, safe, and efficient AV systems.

1.2.1 System Layer: Dynamic Coordination at Unsignalized In-

tersections

To enhance coordination and throughput in unsignalized intersections, this work introduces
the Extended Conflict Directed Graph (ECDG) model. Unlike previous graph-based ap-
proaches that assume fixed departure lanes, the ECDG model incorporates dynamic lane
assignment directly into the scheduling process. This enables vehicles to dynamically select
from multiple departure lanes based on current intersection conditions, eliminating unnec-

essary lane changes and improving scheduling flexibility.

A breadth-first-search-based scheduling algorithm is developed to compute conflict-free time
windows for each vehicle, considering both vehicle dynamics and route information. Ex-
perimental results show that this dynamic lane assignment strategy reduces intersection
evacuation time by up to 16.3% and improves overall traffic efficiency by as much as 27.7%

compared to state-of-the-art methods.
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1.2.2 Application Layer: Scheduling of Non-Preemptive DAG Tasks

For real-time AV applications modeled as Directed Acyclic Graphs (DAGs), a new schedul-
ing framework is proposed to minimize critical timing metrics such as Data Age, Reaction
Time, and Time Disparity (DARTD). These metrics are essential for ensuring timely data

processing and stable control in safety-critical systems.

This dissertation presents a 1-opt local search-based scheduling algorithm that overcomes
the non-convex and discontinuous nature of DARTD. The solution space is partitioned into
convex subspaces, each solved using linear programming. An iterative refinement procedure

traverses these subspaces to reach a locally optimal solution under 1-opt criteria.

The algorithm offers polynomial-time complexity and consistently achieves 20% to 40% re-
ductions in worst-case latency compared to existing heuristic and metaheuristic approaches.
It also scales effectively to large DAG task sets, making it well-suited for embedded platforms
in AVs.

1.2.3 Middleware Layer: Wait-Free Communication for Multicore

Systems

To address inefficiencies in inter-core data sharing, this work introduces the Partitioned
Combined-DBP-TCCP (PCDT) protocol. This hybrid wait-free communication scheme al-
lows reader tasks to choose between two buffer protocols based on their individual timing
constraints: the Dynamic Buffering Protocol (DBP) and the Temporal Concurrency Control
Protocol (TCCP). This design judiciously balances the trade-off between timing predictabil-

ity and memory efficiency.

To further improve system performance, two system optimization techniques are developed:
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o PA-MBTT (Priority Assignment with Maximum Blocking Time Tolerance): A strategy
that minimizes buffer usage through priority assignment and preemption threshold

tuning.

o WFAP and WFAP+ (Wait-Free-Aware Partitioning): Task partitioning heuristics that
maximize buffer reuse across multicore processors. WFAP+ includes a local search

enhancement that further reduces communication overhead.

These techniques together provide substantial memory savings. Simulation results show
an average memory reduction of over 50%, and in an automotive ADAS case study, the
integrated system achieved a 43% reduction in memory usage while maintaining real-time

schedulability.

1.2.4 Summary and Chapter Guide

Each of the three technical contributions forms a layer in the proposed multi-layer AV system
architecture. Their integration enables end-to-end improvements in safety, performance,
and efficiency, making this dissertation a step toward scalable and dependable AV system

deployment.

The remainder of this dissertation is organized as follows:

o Chapter 2 presents the contribution in the system layer: intelligent intersection man-
agement using the Extended Conflict Directed Graph (ECDG) and dynamic lane as-

signment strategies.

o Chapter 3 addresses the application layer, introducing the 1-opt scheduling framework

for non-preemptive DAG tasks under real-time constraints.



1.3. CopYRIGHT STATEMENTS FROM [EEE 9

o Chapter 4 discusses the middleware layer, including the PCDT protocol, PA-MBTT
priority assignment, and WFAP/WFAP+ task partitioning for efficient multicore com-

munication.

o Chapter 5 concludes the dissertation with a summary of contributions and outlines

future research directions.

1.3 Copyright Statements from IEEE

The chapters included in this dissertation are based on research papers previously published

by the IEEE and are reprinted here with permission.

In reference to IEEE copyrighted material which is used with permission in this thesis,
the ITEEE does not endorse any of Virginia Polytechnic Institute and State University’s
products or services. Internal or personal use of this material is permitted. If inter-
ested in reprinting/republishing IEEE copyrighted material for advertising or promotional
purposes or for creating new collective works for resale or redistribution, please go to
http://www.ieee.org/publications_ standards/publications/rights/rights_ link.html to learn
how to obtain a License from RightsLink. If applicable, University Microfilms and/or Pro-

Quest Library, or the Archives of Canada may supply single copies of the dissertation.


http://www.ieee.org/publications_standards/publications/rights/rights_link.html

Chapter 2

Safe and Efficient Unsignalized
Intersection Management: Dynamic
Lane Assignment for Connected and

Automated Vehicles

2.1 Abstract

Intersections present significant challenges in traffic safety and efficiency. The advent of
Connected and Automated Vehicles (CAVs) holds promise in revolutionizing transportation
systems by enhancing efficiency, safety, and congestion mitigation. However, existing litera-
ture often overlooks critical aspects such as lane assignment, which, if managed properly, can
greatly improve the efficiency of intersections. This chapter addresses this gap by proposing
a novel strategy that enables CAVs to dynamically assign departure lanes when traveling
through unsignalized intersections. Unlike existing approaches that restrict departure lane
choice, our framework leverages all available departure lanes whenever possible. The Ex-
tended Conflict Directed Graph (ECDG) is proposed to model the intersection, integrating
vehicle dynamics and intersection geospatial distribution for improved efficiency. Addition-

ally, breadth-first-search-based methods are proposed to solve the problems efficiently. Ex-

10
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tensive experiments demonstrate significant improvements in intersection evacuation time,

with up to a 27.7% enhancement in traffic efficiency compared to state-of-the-art methods.

2.2 Introduction

In 2022, intersections were associated with over 27.4% of total traffic fatalities in the United
States, with approximately half of all traffic injuries occurring at intersections, as reported by
Federal Highway Administration [33]. Connected and Automated Vehicles (CAVs), as a revo-
lutionary technology, promise to enhance transportation efficiency, improve road safety, and
alleviate intersection congestion. Moreover, in scenarios where only CAVs are operational,
traffic lights may even be eliminated as vehicle-to-vehicle (V2V)and vehicle-to-infrastructure
(V2I) communication technologies advance [74]. Realizing these potential improvements ne-
cessitates carefully designed algorithms to address the challenges posed by traffic modeling

and scheduling problems of complex intersection scenarios.

Previous approaches to intersection management, such as Model Predictive Control[4], Optimization-
based techniques [73, 82, 110], and Dynamic Programming algorithms [108], have demon-
strated effectiveness in optimizing traffic flow at unsignalized intersection. However, these
methods typically rely on accurate models of vehicle dynamics and often require significant
computational resources, making them impractical for real-time applications. In addition to
optimal scheduling, some studies simplify intersection models by employing virtual platoon-
ing [130] or mixed platooning [104] to consolidate vehicles from all directions into a simplified
one-dimensional scheduling problem. Lin et al.[65] subdivided intersections into multiple
grids and proposed a grid reservation method. Furthermore, graph-based approaches of-
fer an alternative model that separates the complexities of vehicle dynamics and control

mechanisms from intersection management. Li and Wang [63] introduced the spanning
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tree method to address the intersection scheduling problem, while Monte Carlo Tree search
methods [106, 107] have been proposed to enhance efficiency. Noteworthy graph-based mod-
els, including Conflict Directed Graphs (CDGs) and their variants, have been increasingly
utilized for intersection management in recent years [20, 22, 66, 105]. By abstracting inter-
section geometries and vehicle behaviors into a graph representation, these methods enable

efficient scheduling and coordination of CAVs while maintaining safety and reliability.

Despite these advancements, existing graph-based literature often neglects the critical aspect
of lane assignment in intersection management. Many approaches consider fixed lane direc-
tion and treat lane changing and intersection scheduling as separate, sequential processes
21, 99]. CAVs need to change approach lanes before going in their target directions. The
concept of all-direction turn lanes has been proposed to mitigate the need for lane changes
before CAVs enter the intersection [47, 50], enabling CAVs to travel in any direction from any
approach lane. Similarly, Cai et al.[19] introduced the idea of flexible lane direction. How-
ever, these methods often assume that CAVs can only transition to a single predetermined

departure lane in each direction, which imposes limitations on their performance.

Our research aims to bridge this gap by proposing a novel approach that allows CAVs to
dynamically assign any available departure lanes while considering intersection scheduling
for CAVs. This approach removes the need for lane changes before entering the intersection,
thereby reducing the risk of collisions. It also provides flexible choices for the departure
lane, so CAVs can be dynamically adjusted to mitigate conflicts and improve traffic effi-
ciency. Additionally, we proposed the Extended Conflict Directed Graph (ECDG) model to
incorporate the dynamic lane assignment framework. To solve the intersection management
problem, breadth-first-search-based methods are proposed, in which CAVs are assigned cus-
tomized time windows to safely pass the intersection according to their routes and dynamic

characteristics. The contributions of this chapter are summarized as follows:
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1. We introduce the dynamic lane assignment strategy for unsignalized intersection man-

agement, allowing CAVs to utilize all available departure lanes in the target leg.

2. We propose the Extended Conflict Directed Graph (ECDG) model of intersections,
which incorporates competing conflicts to model the competition introduced by dy-
namic lane assignment. We also integrate the vehicle dynamics and intersection geospa-
tial distribution into the ECGD model, facilitating further enhancements to traffic

efficiency.

3. We propose innovative methods to tackle the dynamic lane assignment problem. Ex-
tensive experiments demonstrate significant improvements in intersection evacuation
time and show that our approach can enhance traffic efficiency by up to 27.7% com-

pared to the state-of-the-art method.

This chapter is from the author’s previous work, Dong Li, Sen Wang, and Haibo Zeng. “Safe
and Efficient Unsignalized Intersection Management with Breadth-First Spanning Tree,” In

2024 IEEE 27th International Conference on Intelligent Transportation Systems (ITSC) [61].

The remainder of this chapter is organized as follows: In Section 2.3, we introduce the ECDG
model and provide the formal problem definition. Section 2.4 outlines methods proposed
to solve the intersection management problem under fixed and dynamic lane assignment,
respectively. In Section 2.5, we present the experimental results, and finally, the chapter is

concluded in Section 2.6.

2.3 Problem Statement

We consider the unsignalized intersection scenarios where only Connected and Automated

Vehicles (CAVs) are present. CAVs transmit real-time status and intended departure leg data
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upon entering the control zone to a central controller, potentially located within roadside
units. This controller coordinates CAV movements, advising optimal passage times through
the intersection. Communication and coordination occur via V2V and V2I communication

protocols, and the need for traditional traffic signal infrastructure is eliminated.

We address the intricate challenge of intersection management through a scheduling paradigm.
This involves formulating a scheduling problem to allocate departure lanes and distinct time
windows to individual vehicles, ensuring conflict-free crossings within the intersection to
prevent collisions. We model this scheduling problem using the Extended Conflict Directed
Graph, detailed in Section 2.3.2. Additionally, we aim to enhance intersection efficiency while
addressing the scheduling problem. A key metric for evaluating our approaches is evacuation
time, representing the duration for all vehicles to pass through the intersection conflict area.
Thus, our paper has a dual objective: ensuring intersection safety and optimizing evacuation

time.

2.3.1 Assumptions and Notations

Here, we introduce assumptions about the unsignalized intersection scenario to focus on

fundamental aspects of our research and develop more efficient algorithms.

Assumption 1. All CAVs are equipped with ample computational resources, enabling them

to engage in fully autonomous driving.

Assumption 2. All CAVs and the Road Side Units (RSU) are seamlessly interconnected,

where packet loss is non-existent, and communication delays are negligible.

We assume right-hand traffic. Intersection legs and lanes are indexed clockwise, where

Leg; represents the i leg and L, represents the " lane. The total number of legs and
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total number of lanes is determined by the intersection’s geospatial characteristics. CAVs
are numbered according to their order of entry into the control zone, and we use C'AV; to
represent the i CAV within the intersection. Upon entering the control zone, C'AV; will use
a fixed approach lane, denoted as L¢, to approach the intersection. Each C'AV; also has an
initial intended departure lane, denoted as L?J"it, from which it intends to depart based on
its routing. The actual scheduled departure lane, denoted as L&—*"** may differ from L%
if a dynamic lane assignment strategy is employed, as detailed in Definition 2.3. The route
R;: L} — Lf*“hed of C'AV; in the intersection is explicitly determined by C'AV;’s approach
lane and scheduled departure lane. The physical path within the intersection conflict area
is solely decided by the route and thus is decoupled with CAV’s path planning policy. Two
CAVs will follow the same route and path as long as they share the same approach lane and

scheduled departure lane.

Control
Zone~

Legy | < | Leg;

Conflict
Area

Figure 2.1: Example four-way intersection. This scenario is used as an example to demon-
strate the proposed Extended Conflict Directed Graph (ECDG) model and all proposed
methods.
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2.3.2 Extended Conflict Directed Graph (ECDG)

Fig. 2.1 illustrates a typical intersection scenario where five CAVs are navigating a four-way
intersection. Dashed arrows represent the routes of all CAVs, starting from their approach
lanes and pointing towards their initial intended departure lanes. The control zone encom-
passes a predefined area surrounding the intersection’s central point. Upon entering this
zone, a CAV initiates communication with the intersection manager to receive control in-
structions. The intersection conflict area refers to the convergence central zone of all lanes,

where multiple CAVs may encounter conflicting routes.

Xu et al[105] and Chen et al.[22] utilized Conflict Directed Graphs (CDG) to model in-
tersections. However, this model assumed a uniform crossing time for all CAVs traversing
the intersection, overlooking vehicle dynamics and arrival time constraints. To enhance
the intersection model with more detailed information and devise more efficient schedules,
this chapter extends the CDG model by introducing the Extended Conflict Directed Graph
(ECDG). Vertex and edge attributes relevant to estimated arrival time, estimated travel time,
and efficiency offset are added to the ECDG. Additionally, we introduce a novel competing

conflict relationship alongside conventional conflict relationships.

Conflict Relationship: For every pair of distinct CAVs, conflict relationships are determined

by their respective routes. The following four conflict relationships are kept from CDG [22].

a) Crossing Conflict: Two CAVs exhibit a crossing conflict when their routes intersect within

the conflict area.

b) Diverging Conflict: Two CAVs experience a diverging conflict when they share the same

approach lane.

c¢) Converging Conflict: Two CAVs engage in a converging conflict when they share the same



2.3. PROBLEM STATEMENT 17

departure lane.

d) Non-conflicting relationship: Two CAVs are deemed non-conflicting if they do not share

any other conflict relationships.

Taking the intersection in Fig. 2.1 as an example, C'AV; and C' AV, experience a crossing
conflict, C AV, and C AV;5 have a diverging conflict, CAV3 and C'AV, encounter a converging

conflict, while CAV; and C'AV; are non-conflicting.

At a typical intersection, multiple vehicles often converge onto the same departure lane from
different approach lanes, leaving other lanes underutilized. In Fig. 2.1, for example, both
C AV, and C'AV; intend to depart the intersection using Ls in Legs. If these two CAVs are
the only ones present in the control zone, the intersection would require a time greater than
the sum of their travel times to clear the conflict area. However, an alternative exists: lane
Lg in Legs is available and underutilized. By dynamically reallocating C'AV5 to depart using
Lg, both CAVs can pass through simultaneously, potentially halving the total travel time
for this scenario. We introduce a new competing conflict in the ECDG model to model such

interactions.

e) Competing Conflict: When two CAVs from different approach lanes intend to depart to
the same leg with multiple departure lanes, they are said to be in a competing conflict
relationship. In Fig. 2.1, CAV; and C'AV; are competing for Leg,. Notably, two CAVs

don’t need to have the same departure lane to be in a competing conflict.

The competing conflicts identify the bottlenecks of the traffic flow and can be resolved by dy-
namically assigning departure lanes to competing CAVs. Experimental results demonstrate
that dynamic lane assignment, as a solution to competing conflicts, can improve intersection

evacuation time by up to 16.3%. Details are introduced in Section 2.4.2.
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Note that a single pair of CAVs can have multiple types of conflict relationships simultane-
ously. To simplify our notation throughout this chapter, we assign symbols to all conflict
relationships: {C¢ro, Caiv, Ceonvs Cnos Ceomp }» representing crossing, diverging, converging,
non-conflicting and competing conflicts, respectively. We denote the conflict relationships
between C'AV; and CAV; as a set C'R(4, j), which may only include the provided symbols.
For instance, in Fig. 2.1, CAV, and C'AVj experience both converging and competing con-

flicts, then we have C'R(2,5) = {Cconv, Ceomp}-

Vertex Attributes: Two key vertex (vehicle) attributes are considered in the scheduling prob-
lem to account for vehicle dynamics and intersection geospatial distribution: 1) Estimated
Arrival Time (EAT): This represents the earliest time that a CAV can arrive at the intersec-
tion stop line, accounting for traffic conditions and vehicle dynamic constraints. A general
estimate typically considers the free-flow arrival time of the vehicle. 2) Estimated Travel
Time (ETT): This denotes the actual time a CAV requires to pass through the conflict area,

determined by the CAV’s route and the geospatial information of the intersection.

Edge Attributes: Efficiency offsets, treated as edge attributes in an ECDG, are applied to
diverging vehicles to accommodate the reduced time when scheduled together rather than
separately. This is because when two diverging vehicles are scheduled consecutively, the
latter can pass through the intersection more swiftly without stopping at the stop line,
thereby saving time. Efficiency offsets typically have negative values and are excluded for
edges connected to the virtual leading vehicle (C'AV) or bidirectional edges, where offsets

are consistently set as 0 for clarity and consistency.

Definition 2.1 (Extended Conflict Directed Graph). The Extended Conflict Directed Graph
(ECDG) serves as the framework for modeling the traffic intersections. An ECDG is denoted
as G = (V, &, wEAT wETT we), which contains a vertex set V, an edge set &, vertex EAT

weights wEAT, vertex ETT weights wETT and edge weights we.
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YV ={0,1,2... N} is the vertex set in which each CAV is represented as a single vertex and
vertex 0 symbolizes a virtual leading vehicle. N is the total number of CAVs present in the
intersection control zone. For simplicity in notation, a vertex will also be used to signify the

vehicle it represents.

€ is the edge set containing directional edges. We use (i,7) to represent a unidirectional
edge from vertex i to vertex 7 in G. All conflict relationships are captured using edges in the
ECDG. Diverging conflicts impose strict passing order requirements for two CAVs, hence
they are represented using unidirectional edges. If C'R(i,j) includes a diverging conflict,
there exists a unidirectional edge satisfying Eq. (2.1). The virtual leading vehicle C' AV,
defaults to having a diverging conflict with every other CAV, represented as in Eq. (2.2).
Crossing and converging conflicts require that two CAVs cannot simultaneously pass through
the intersection for safety, but their passing order remains unrestricted. CAVs experiencing
these conflicts are mutually exclusive and are linked by bidirectional edges, as in Eq. (2.3).
Competing conflicts arise within crossing or converging conflicts, hence they are also depicted

by bidirectional edges. Non-conflicting CAVs have no edges between them.

(i,7) e E & i< j, if Cyy € CR(1,)) (2.1)

(0,)) €&, VieV&i#0 (2.2)

(4,7) € € & (j,1) €€,

if CR(4, j) N {Cero, Ceonvs Ceomp} # O (2.3)

wg represent the edge weights that assign efficiency offsets to all edges. For bidirectional



CHAPTER 2. SAFE AND EFFICIENT UNSIGNALIZED INTERSECTION MANAGEMENT. DyNaMIC LANE
20 ASSIGNMENT FOR CONNECTED AND AUTOMATED VEHICLES

Figure 2.2: Extended conflict directed graph (ECDG) for intersection in Fig. 2.1. Vertex 0
represents the virtual leading vehicle, while other CAVs are indexed based on their order of
entry into the control zone. CAVs with diverging conflicts are connected by black unidirec-
tional edges, those with crossing or converging conflicts are connected by red bidirectional
edges, and CAVs with competing conflicts are connected by green bidirectional edges. If
the efficiency offset is non-zero, it is indicated in red. Vertex estimated arrival time (EAT)
weights are depicted in green, while vertex estimated travel time (ETT) weights are shown
in blue.

edges, the same weight is applied in both directions, adhering to Eq. (2.4).

we (i, 7) = we(g,1), if (4,7) € € & (j,1) € € (2.4)

wEAT and wETT denote the vertex weights for vehicle estimated arrival time and vehicle

estimated travel time respectively, with w547 (0) = 0 and wETT(0) = 0.

Fig 2.2 provides an illustrative example of an ECDG for the intersection scenario depicted

in Fig. 2.1.

2.3.3 Intersection Management Problem

The main objective of intersection management is to safely and efficiently guide all CAVs

through the intersection in the shortest time possible. Each CAV is assigned a scheduled
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departure lane and a designated time window for traversing the intersection conflict area.
The considered unsignalized intersection management problem is formally defined in Problem

1.

Definition 2.2 (Time Window). The time window for C'AV;, denoted as window; = [t¢,t%),
represents the authorized time interval for occupying the intersection conflict area. It satisfies
the conditions specified in (2.5), where t¢ denotes the earliest time to approach the conflict

area, and t¢ indicates the latest departure time for CAV 4 from the conflict area.

t¢ > wi (Handt? — ¢ > whT (i) (2.5)

The virtual leading vehicle has a fixed time window window, = [—1,0), which means the

virtual leading vehicle will pass through the intersection before time 0.

Definition 2.3 (Scheduled Departure Lane). The scheduled departure lane L%"¢¢ for

CAVj is the actual lane from which C'AV; departs the intersection.

The L&—*“"*? may differ from the initial intended departure lane L due to dynamic lane
assignment. However, both Lf*sc}led and Lf*imt must belong to the same leg to ensure path

consistency.

Definition 2.4 (Intersection Schedule). An intersection schedule includes time windows and

scheduled departure lanes for all CAVs within the intersection control zone.

Theorem 2.5 (Safe Schedule). An intersection schedule is deemed safe if it satisfies FEq.

(2.6), where conflict relationships are determined by the scheduled departure lanes.

Vi, 7 window; N window; = &,

Zf CR<Z7,]) N {Ccrm Cdiv; Ccom}} 7é 7 (26)
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Proof. Assuming that the intersection schedule is unsafe, there must exist two CAVs, denoted
as CAV; and C AV}, colliding within the intersection conflict area. Consequently, C AV; and
C' AV, must hold at least one crossing, diverging, or converging conflict. Since both CAVs are

present in the conflict area simultaneously at some point in time, this violates Eq. (2.6). [

Definition 2.6 (Intersection Evacuation Time). The evacuation time T of the intersection
is defined as the time when the last CAV departs the intersection conflict area.

T = max t¢ (2.7)

1<i<N

Problem 1 (Intersection Management). Given an unsignalized intersection and its ECDG
G, the intersection management problem aims to find a safe schedule with the minimum

evacuation time 7.

2.4 Methodology

This section presents two approaches to solve Problem 1 under fixed and dynamic lane
assignment scenarios, respectively. The fundamental idea is to extract a minimum-depth
spanning tree from the ECDG model G and generate an intersection schedule based on the

precedence constraints specified by the spanning tree.

We propose utilizing a breadth-first search to find the spanning tree with the smallest possible
depth. This approach differs from the depth-first spanning tree method utilized by Chen
et al[22], which relies on depth-first searching. Importantly, this isn’t merely a switch of
searching methods; rather, specifically designed algorithms are tailored for the ECDG model.
Starting from the virtual leading vehicle as the root, each iteration aims to identify a conflict-

free vertex that minimally increases the modified tree depth, as defined in Definition 2.8,
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subsequently adding it to the tree. Throughout this process, conflict relationships, vertex
attributes, and edge attributes are carefully considered and updated, particularly when CAVs
are dynamically allocated new departure lanes. Ultimately, the spanning tree is transformed

into the intersection schedule.

Definition 2.7 (Spanning Tree). The Spanning Tree (ST) of a directed graph G rooted at
root is a subgraph T of G such that T forms a directed tree and there exist unique directed

paths from the root to every other vertex in G.

Definition 2.8 (Depth of Vertex and ST). In a given ST, the depth of the root vertex d,oo
is 0. For any other vertex i, there exists an unique directed path from the root to vertex
i: path; = {root,p1,ps,...,px,1}. The depth of vertex i, denoted as d;, is calculated as

EAT ETT(?:) )

d; = max(dp, , wy ™ (7)) + we(pg, i) + wy; The depth of an ST is the mazimum vertex

depth within it, i.e. dgp = maxy;cy d;.

The depth of a vertex is carefully designed to account for both the precedence constraints
illustrated by the spanning tree and the vehicle dynamic and intersection geospatial con-
straints. The depth can be safely set to the latest departure time in the vertex’s time

window. This calculation is performed recursively for each vertex.

2.4.1 Schedule with Fixed Lane Assignment

The Breadth-First Spanning Tree (BFST) method is employed for fixed lane assignment
scenarios. BFST aims to expand the tree with the minimum increase in tree depth. A
vertex is eligible for inclusion in the tree only if there exists an edge in G that connects it to

a vertex already added to the tree.

Definition 2.9 (Vertex Schedule). The process of adding a vertex into the tree is referred
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to as scheduling a vertex. A vertex is deemed scheduled if it has been added to the tree;

otherwise, it remains an unscheduled vertex.

To facilitate the selection of vertices and the construction of the tree, a meticulously designed
candidate data structure, as defined in Definition 2.10, is employed. This structure generates
a candidate tuple for each unscheduled vertex and collects them into a candidate list. The
candidate list is dynamically updated in each iteration, and the candidate with the minimum
depth is selected for connection to the tree. This iterative process continues until all vertices

are scheduled.

Definition 2.10 (Candidate Data Structure). In the context of the BEST method, a can-
didate data structure is represented by a tuple (i, d;, p;), where ¢ denotes the target vertex

index, p; is the possible parent of vertex ¢, and d; represents the depth of ¢ if connected via

Pi-

Algorithm 1 outlines the pseudocode of the BFST heuristic. Following initialization, the
algorithm proceeds through a primary while loop to iteratively incorporate vertices into
the tree. Within each iteration, the algorithm selects the candidate with the smallest depth
from the candidate list, adds it to the tree, updates the candidate list by removing conflicting
candidates and introducing new candidates, and sorts the candidate list in preparation for

the next iteration.

During initialization (lines 1 - 5 of Algorithm 1), the candidate list begins with only the
virtual leading vehicle to ensure its selection as the root. Subsequently, the unidirectional
parents for all vertices are identified. A vertex cannot be scheduled until all its unidirectional

parent vertices have been scheduled.

The candidate list is sorted based on depth in non-decreasing order. In each iteration, the

vertex with the smallest depth in the candidate list is incorporated into the tree and removed
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from the list (lines 7 - 12). Adding a new vertex into the spanning tree may invalidate other
candidates due to conflicts with unscheduled vertices; thus, incompatible candidates are
removed from the list (lines 13 - 19). New candidates are subsequently introduced to the list

based on the scheduled vertices.

The sets Vyrs and Eps are employed to record the vertices and edges chosen for inclusion
in the spanning tree, respectively. After the iteration terminates, the scheduled BFST can
be constructed using Vyrs and Eype. The scheduled time window and departure lane can
be readily determined following Algorithm 3. Specifically, the time window for each vehicle
ends at the depth of the corresponding vertex, while the scheduled departure lane remains

consistent with the initially intended departure lane.

Fig. 2.3 illustrates the schedule details of the BFST method, showcasing an example result
spanning tree for the intersection depicted in Fig. 2.1. The evacuation time of the intersection

is 24 seconds.

e @ O @ O O 0O

#0 (0,0,—1) NA NA NA NA  NA

#1 (1,6,0) (2,7,0) (3,80) (411,0) NA

#2 (2,13,1) (3,11,1) (4,11,0) NA

#3 (2,18,3) (4,17,3) NA

#4 (2,18,3) (5,22,4)
°[18,24) #5 (5,24,2)

Figure 2.3: Result spanning tree and schedule details of BFST method of the example
intersection of 2.1. The scheduled time windows are highlighted in blue. Candidates present
in the candidate list for each loop are displayed in a row and are updated in each loop.
Each candidate follows the form (i, d;, p;), where i denotes the target vertex index, p; is the
possible parent of vertex ¢, and d; represents the depth of 7 if connected via p;. The chosen
candidate within a loop is denoted in bold.
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Algorithm 1 Breadth-First Spanning Tree Method.
Input Extended Conflict Directed Graph G
Output: Breadth-First Spanning Tree 7z

1. candidate_list = {(0,0,—1)}

2: best = ®> gbfst =0

3: for j =0to N do

4: Pi={ieV|Cuy, € CR(i,j)} // unidirectional parents

5: end for

6: while candidate_list # @ do

7 (1,d;, p;) = candidate_ list.front()

8: best = best U {Z}

9: if © # 0 then
10: Evpst = Eppst U{(pi, 1)}
11: end if
12: candidate__list.erase(candidate_list.begin())

13: for (j,d;,p;) in candidate list do

14: if (¢,7) € € then

15: if max(d;, w5 (5)) + we (i, j) + wET(j) > d; then
16: candidate_list.remove((j,d;, p;))

17: end if

18: end if

19: end for // remove unfeasible candidates
20: for j=0to N do
21: if j ¢ Vyrs and j ¢ candidate_list and PJ C Ve and (i, j) € € then
22: candidate_list.push_back((j, max(d;, wEAT(5)) + we(i, ) + wETT(5), 1))
23: end if
24: end for // add new candidates
25: sort(candidate_list)

26: end while
27: return Tyrse = (Visst, Eppots We, wh 1)
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2.4.2 Dynamic Lane Assignment

The Breadth-First Spanning Tree with Dynamic Lane Assignment (BFST-DynalLane) method
is used to solve problems with dynamic lane assignment. It aims to mitigate competing con-
flicts among vehicles, thereby further enhancing traffic efficiency. The fundamental idea
involves reallocating departure lanes when two or more vehicles share the same departure
leg, potentially reducing conflicts. BFST-DynalLane follows the structure of BFST but ex-
pands the candidate list to include an additional entry for the target scheduled departure
lane, as defined in Definition 2.11. Multiple candidates are created for a single vertex, each
corresponding to a specific departure lane. Specific maneuvers to address competing conflicts

are also introduced.

Definition 2.11 (Candidate Data Structure For Dynamic Lane Assignment). In the context

of BFST-Dynal.ane, a candidate data structure is represented by a tuple (7, d;, p;, Lf*s‘:hed>

where 7 denotes the target vehicle index, p; is the possible parent of vertex i, d; presents the
depth of 7 if connected via p;, and L?*SChed denotes the scheduled departure lane for vehicle

i.

Algorithm 2 presents the pseudocode for BEST-DynaLane. The set E?*“hed is used to record
all available lanes for the scheduled vertex that result in the same vertex depth. Within each
iteration, the first candidate in the list is selected to be added to the spanning tree. Line
12 updates £35¢"d for all scheduled vertices. First, departure lanes from all candidates of
1 sharing the same depth as the selected candidate are added to E?*ded. Subsequently,

E ;lis ched

conflicting lanes in of other scheduled vertices j are removed due to the scheduling

of vertex i. Since a vertex can only be scheduled once, all other candidates associated with
vertex ¢ are removed in line 14. Lines 15 - 21 remove candidates that may have crossing or

d__sched
converging conflicts with the scheduled vertex i, where Rjj represents the new route of
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Loop @ Ly O L, Ls @ Lg (Lg) ? Ls o Lg
#0 (0,0,—1) NA NA NA NA NA NA NA NA

L,: [6,11) #1 (1,6,0) (1,6,0) (2,7,0) (2,70 (3,80) (411,00 NA NA
#2 (2,13,1) (2,13,1) (3,11,1) (4,11,0) NA NA

&Y L, [11,17)

#3 (2,183) (2,18,3) (4,17,3)  NA NA
#4 (2,18,3)(2,18,3) (5,22,4) (5,22,4)

Ly [17,22) #5 (5,24,2) (5,22,4)

Figure 2.4: Result spanning tree and schedule details of BFST-DynalLane method of the
example intersection of 2.1. The scheduled departure lanes and time windows are highlighted
in blue. Candidates present in the candidate list for each loop are displayed in a row and
are updated in each loop. For simplicity, the scheduled departure lanes of candidates are
shown in the header of the schedule table. FEach candidate follows the form (i, d;, p;), where
1 denotes the target vertex index, p; is the possible parent of vertex ¢, and d; represents the
depth of 7 if connected via p;. The chosen candidate within a loop is denoted in bold.

7 determined by applying L?*“hed as the departure lane. In the stage to add new candidates,
lines 22 - 28 try each possible lane on the departure leg. Since the new candidate can be
connected to the tree by any scheduled vertex, the function candidate_list.addCandidate(7,
L?*SChEd) in line 25 finds the parent with the minimum depth for j when departing in lane

L?*“hed. Finally, the candidate list is sorted again to prepare for the next iteration.

Fig. 2.4 shows an example of the scheduled spanning tree of BFST-DynalLane method for
the intersection in Fig. 2.1. The scheduled departure lanes of candidates are displayed
in the header of the schedule table. In loop #4, both lanes, Ls and Lg, are identified as
possible departure lanes for vertex 2 because they have the same depth in the spanning
tree. Furthermore, it is possible for different departure lanes to have distinct depths; for
instance, in loop #5, the updated candidate of vehicle 5 using Ls differs from the candidate
using Lg. Then only the candidate with the smallest depth is selected, this will also disable
the choice of Lg for vertex 2. The evacuation time of the intersection is 22 seconds using

BFST-Dynal.ane method.
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Algorithm 2 Breadth-First Spanning Tree with Dynamic Lane Assignment Method.

Input Extended Conflict Directed Graph G
Output: Breadth-First Spanning Tree with Dynamic Lane Assignment Tpynq
1: candidate_list = {(0,0,—1, null)}
2: VDymz = @, gDyna =0
3: for j =0to N do
4: E?*S‘:h“l =0 // possible departure lanes of j
Pi={ieV|Cuy, € CR(i,j)} // unidirectional parents
end for
while candidate_list # ) do
(i, d;, ps, L&—*""Y = candidate_ list.front()
VDyna = VDyna U {Z}
10: if ¢ # 0 then
11: gDyna = (C:Dyna U {(pl, Z)}
12: update E?*ded for all scheduled vertex j € Vpyna
13: end if
14: candidate__list.removeCandidatesAssociatedWith(7)
15: for (j,d;,pj, L;.Lsc’wd) in candidate_list do

d__sched

16: if (i,7) € £ and R is crossing or converging conflict with any R; then

17 if max(dy, wEAT () + we (i, ) + wETT(j) > d; then

18: candidate list.removeCandidatesAssociated
With(j)

19: end if

20: end if

21: end for // remove candidates that may be unfeasible

22: for j =0to N do

23: if 7 ¢ Vpyna and j ¢ candidate list and PJ C Vp,,, then

24: for L?—ded in vehicle j’s departure leg do

25: candidate_list.addCandidate(7, L?*“hed)

26: end for

27: end if

28: end for // add new candidates

29: sort(candidate_list)
30: end whilereturn Tpyna = (Vbyna, Epyna, we, wET)
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2.4.3 Assign Time Window and Scheduled Departure Lane

The scheduled time window and departure lane can be easily obtained from the spanning
tree as the depth of a vertex corresponds to the latest departure time of the CAVs. The

pseudocode for this process is presented in Algorithm 3.

Algorithm 3 Schedule From Spanning Tree.
Input: Spanning tree T
Output: Scheduled time window and departure lane
1: fori=1to N do
get i’s parent p; in T
calculate d; and d,, based on Definition 2.8
window; = [max(d,,, w547 (i), d;)
if using BFST method then
L?ﬁsched _ L?ﬁim‘t
else if using BFST-Dynal.ane method then
Ld-sched — pd_sched[g] from Algorithm 2
9: end if
10: end for

2.4.4 Time Complexity Analysis

Both the BFST and BFST-DynalLane methods exhibit polynomial time complexity. Specif-
ically, given that a single vertex is scheduled in each iteration, the outermost while loop
terminates after IV iterations, where N represents the total number of vehicles in the in-
tersection control zone. Within each iteration, the most computationally intensive task for
both methods involves adding new candidates. For BFST, adding new candidates incurs a
time complexity of O(N). For BFST-DynaLane, the time complexity increases to O(N?K),
where K denotes the maximum number of lanes in a leg. Consequently, the overall time

complexity is O(N?) for BFST and O(N3K) for BEST-Dynal.ane.
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2.5 Experiments

Extended numerical experiments are conducted to evaluate the effectiveness of the proposed
methods. In addition to the BFST and BFST-Dynalane methods, two baseline approaches,
First-In-First-Out (FIFO) and improved Depth-First Spanning Tree (iDFST), are evaluated.
The FIFO method employs a straightforward first-in-first-out scheduling policy, allocating
conflict-free time windows for all vehicles to generate a safe intersection schedule. iDFST
follows Chen et al.[22]’s work, the time window interval of each batch in iDFST is determined
as the maximum estimated travel time among all vehicles within the scheduled batch. The

code for these methods is available on GitHub !.

Different traffic demand levels are tested, with the number of vehicles inside the control
zone chosen from the set {10, 50, 100,200}. The intersection’s geospatial distribution follows
the settings illustrated in Fig. 2.1. For each traffic demand, 10,000 random scenarios are
generated, where the routes of each vehicle are randomly selected. The estimated travel time
follows a uniform distribution U[5, 7] and the arrival time interval between vehicles follows

a Poisson distribution with an average of 2 seconds.

The average evacuation time for each traffic demand level is shown in Fig. 2.5. The proposed
BFST-DynalLane method achieves the best schedule for all scenarios. It achieves a significant
reduction in evacuation time compared to the FIFO method, with savings of 36.31%, and
the iDFST method, with savings of 22.19%. Even in cases where dynamic lane assignment
is not feasible due to regulations, the BFST method still demonstrates superior performance
compared to the state-of-the-art method iDFST, achieving a 15.48% reduction in evacuation

time.

Dynamic lane assignment proves to be particularly effective in intersections where each leg

thttps://github.com /LIDONGgittt /intersection  ECDG /tree/main
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Figure 2.5: Average evacuation time for different traffic demands. The intersection’s geospa-
tial distribution remains consistent with the layout depicted in Fig. 2.1, in which two legs
have one approach lane and one departure lane, while the other two legs have two approach
lanes and two departure lanes.

offers multiple choices for departure lanes. To assess this, another geospatial characteristic is
tested, featuring four legs, each with three approach lanes and three departure lanes. Similar
to previous experiments, estimated travel time and arrival time interval distributions remain
the same. The result is shown in Fig. 2.6. When more departure lanes are available, dy-
namic lane assignment demonstrates its full potential, achieving substantial improvements
in evacuation time. Specifically, dynamic lane assignment saves as much as 44.75%, 27.74%,
and 17.44% in evacuation time, when compared to FIFO, iDFST, and BFST, respectively.
These findings underscore the effectiveness of dynamic lane assignment strategies, partic-
ularly in busy intersections that provide multiple departure lane choices on each leg. By
dynamically allocating lanes based on real-time traffic conditions, this approach optimizes

traffic flow and reduces congestion, ultimately enhancing overall intersection efficiency.
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Figure 2.6: Average evacuation time for different traffic demands. All scenarios utilized a
four-way intersection, where each leg has three approach lanes and three departure lanes
respectively.

2.6 Conclusion

This chapter has proposed an Extended Conflict Directed Graph (ECDG) model to address
the unsignalized intersection management problem. We introduced two novel breadth-first-
search-based methods for efficient intersection scheduling, along with a pioneering dynamic
lane assignment approach that significantly enhances traffic efficiency. Looking ahead, there
are several promising avenues for future research. Firstly, exploring tie-breaking policies
could refine intersection scheduling algorithms, especially when multiple candidates have a
tie depth. Secondly, incorporating considerations of fairness into intersection management
algorithms could lead to more equitable traffic distribution, benefiting all road users. Lastly,
enhancing the safety operations of CAVs, particularly ensuring the safety of critical scenar-
ios, such as emergency stops, remains a crucial aspect of intersection management systems
and warrants continued attention and innovation. By addressing these areas, we can fur-

ther advance the field of intersection management and contribute to safer, more efficient
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transportation systems for communities.



Chapter 3

Time-Triggered Scheduling for

Non-Preemptive Real-Time DAG

Tasks Using 1-Opt Local Search

3.1 Abstract

Modern real-time systems frequently comprise numerous computational tasks with com-
plex interdependencies. In these systems, information is transmitted along cause-effect
chains connecting dependent tasks, making it critical to impose stringent end-to-end latency
bounds for maintaining system reliability. This chapter introduces advanced non-preemptive
scheduling methods aimed at reducing the worst-case end-to-end latency as well as the time
disparity of a set of tasks represented by the directed acyclic graphs (DAGs). Reaching
this objective is particularly challenging due to the discontinuous and non-convex properties
of the objective functions, which hinder the effectiveness of conventional optimization ap-
proaches. Tailored optimization frameworks that strive for exact solutions often encounter
scalability bottlenecks, while heuristic methods generally fall short in offering theoretical
performance assurances. To overcome these obstacles, the concept of “l-opt” is adopted
from optimization theory, where a solution is considered 1-opt if no improvement is possible

by modifying a single decision variable. This principle guides the development of our algo-

35
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rithm. We introduce a novel optimization approach that strikes a practical balance between
provable performance and computational efficiency. The proposed algorithm delivers 1-opt
solutions with guaranteed polynomial-time complexity. Empirical results from extensive
large-scale experiments show that it consistently reduces latency-related metrics by 20% to

40% compared to existing approaches.

3.2 Introduction

Ensuring timeliness, short end-to-end latency, and small data communication time dis-
parity is a paramount consideration across various domains, including control engineering,
body electronics, and automotive systems [32]. For example, the RT'SS2021 Industry Chal-
lenge [81] underscores the importance of bounding worst-case end-to-end latency and time
disparity in non-preemptive autonomous driving systems. Non-preemptive systems are be-
coming more popular due to the wide adoption of Single-Instruction-Multi-Data (SIMD)
computing architectures such as GPU. Since preemption with GPU usually has a much
higher overhead than CPU devices, embedded GPU devices often only provide limited, if

any, support for preemption [77].

Scheduling and optimizing systems with respect to Data Age, Reaction Time, and Time
Disparity (DARTD)! pose significant challenges [1, 30, 32, 41, 55, 95] due to their non-convex
and non-continuous characteristics. These attributes hinder the application of standard
mathematical programming frameworks, such as integer linear programming and convex
optimization. However, naively employing highly general optimization frameworks like meta-

heuristics often lacks theoretical performance guarantees. Conversely, developing customized

LGiven a cause-effect chain, data age measures the maximum duration for which a sensor event influences
the computational system, while reaction time measures the maximum latency for the system to first react
to a sensor event. Additionally, time disparity quantifies the maximum difference in the generation times of
multiple source data from which one task reads input.
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frameworks targeted at yielding optimal solutions [95] encounters scalability issues, which
is particularly important in modern computation systems, where hundreds of computation
tasks may exist [56, 100]. To tackle these challenges, we propose a computationally efficient

optimization algorithm with some theoretical performance guarantees.

In this chapter, we leverage the 1-opt concept, drawn from the optimization literature [54, 80]
as a foundation in the development of our optimization algorithm. A solution vector € RV
for an optimization problem is called 1-opt if changing any single component x; € & does not
result in an improvement beyond the current solution . We refer to algorithms that yield
1-opt solutions as 1-opt algorithms. In contrast to heuristic algorithms, 1-opt algorithms
provide stronger theoretical performance guarantees. Moreover, they often demonstrate

superior scalability when compared to algorithms aimed at finding optimal solutions.

Nevertheless, constructing 1-opt algorithms for optimizing non-convex and non-continuous
metrics such as DARTD is very challenging. Naively employing brute-force algorithms can
result in exponential complexity in worst-case scenarios. To address this, we propose a novel
algorithm that employs a technique to partition the solution space into multiple convex sub-
spaces, allowing for the efficient utilization of linear programming (LP) to minimize DARTD
within each subspace. Subsequently, an iterative subroutine efficiently traverses among the
subspaces, ensuring that the output is 1-opt. Furthermore, we prove that the solution of
each LP is local optimal in non-preemptive single-core systems. In comparison with simple
scheduling heuristics such as list scheduling [93], scheduling with LP can explore a much
larger solution space, leading to enhanced performance. Moreover, the polynomial run-time
complexity of solving LP enhances algorithm scalability compared to optimal algorithms that
exhibit exponential run-time complexities in the worst case. Finally, to further improve the
efficiency of LP, we propose an algorithm capable of efficiently performing non-preemptive

schedulability analysis.
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Contributions. The contributions are as follows:

1. We employ the 1-opt concept in the development of schedule optimization algorithms.
To the best of our knowledge, this is the first work to utilize the 1-opt concept in
real-time system scheduling problems, and it achieves superior performance compared

to state-of-the-art methods.

2. We propose a novel optimization framework designed to minimize worst-case DARTD,

which is proven to yield 1-opt solutions with only polynomial run-time complexity.

3. To the best of our knowledge, this is the first work that considers optimizing time

disparity with time-triggered scheduling.

4. Large-scale experiments demonstrate that 1-opt methods achieve 20% to 40% latency

reductions and enhanced scalability compared to state-of-the-art techniques.

This chapter is from the author’s previous work, Sen Wang, Dong Li, Shao-Yu Huang,
Xuanliang Deng, Ashrarul H Sifat, Jia-Bin Huang, Changhee Jung, Ryan Williams, and
Haibo Zeng. “Time-triggered scheduling for nonpreemptive real-time dag tasks using 1-opt
local search”. In IEEE Transactions on Computer-Aided Design of Integrated Circuits and

Systems [101].

3.3 Related Work

As an important indicator of system safety, end-to-end latency has been thoroughly studied.
Numerous analyses have delved into cause-effect chains or task sets structured with directed
acyclic graphs (DAG) dependency [1, 32, 41, 42, 55, 70, 95]. These analytical approaches ad-

dress diverse scenarios, including different scheduling algorithms (e.g., fixed-priority schedul-
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ing, earliest deadline first scheduling) and communication protocols (e.g., implicit commu-
nication, logical execution time). Moreover, some studies explore temporal variations across
various contexts [51, 64]. Beyond the analysis of end-to-end latency, a considerable body of
work focuses on scheduling and the schedulability of DAG task sets [11, 34, 62, 71]. These
comprehensive analyses build the foundation for the optimization works performed in this

chapter.

General optimization techniques in real-time systems can be broadly categorized into two
categories: heuristic algorithms with general applicability but lacking solution quality guar-
antees [29, 92, 100], and optimal algorithms built with sophisticated assumptions and prob-
lem modeling [95, 128, 129]. However, the latter may encounter scalability issues when
facing large-scale optimization problems and the performance may also degrade seriously.
Considering the challenge of finding the “perfect” algorithms (optimal and fast) for many
real-world problems, algorithm designers often face a trade-off between solution quality and

run-time complexity:.

There are many works that optimize the end-to-end latency with different types of variables.
Within the logical execution time (LET) protocol, many works consider optimizing the
time to read/write data, where both optimal [69, 102] and heuristic [15, 68] algorithms
have been proposed. Some other works consider implicit communication protocol, primarily
concentrating on optimizing task and message schedules [39, 95, 113]. Besides, there are also
works that improve different metrics related to end-to-end latency by performing priority

assignments [78, 91].

This chapter differs from existing literature in proposing to use a new concept, 1-opt, to
guide the algorithm design process. We also designed a novel optimization algorithm which
is proved to find 1-opt solutions and demonstrated to achieve significantly better performance

than the state-of-the-art methods.
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3.4 System model and problem description

In this chapter, bold fonts are used to represent vectors or sets, while light characters de-
note scalars or individual elements. The double bars notation ||| denotes norm-2. During

iterations, the k% iteration is denoted by a superscript, such as x*.

3.4.1 System Model

We consider a multi-rate Directed Acyclic Graph (DAG) model G = (7, E), in which each
task 7; € T is represented as a node, and a directed edge Ej, € E from 7; to 7; denotes that
7; reads input from 7;. The total number of tasks in 7 is denoted as n. Each task releases
jobs (i.e., instances of the task) periodically with a nominal period. A task 7; is characterized
by a tuple {T;, C;, D;}, which denotes the period, worst-case execution time (WCET), and
the relative deadline, respectively. We assume D; < T;. The k" released job of 7; is denoted
as J; and it is released at the time k - 7;. The DAG G is not necessarily fully connected.
Without loss of generality, we assume all the tasks are released simultaneously at time 0.
However, if there is an offset when all tasks are initially released, our optimization algorithm
can also be applied by modifying the schedulability analysis algorithms and optimization

constraints accordingly.

The hyper-period (i.e., the least common multiple of periods of all tasks in G) is denoted as
H. Within a hyper-period, each job J;j starts execution at time s;; non-preemptively and
finishes at f;, = s;x + C;. Such a non-preemptive policy eliminates preemption overhead,
which could be large in GPU computation. The total number of jobs within a hyper-
period is denoted as N. Potential generalizations into preemptive systems are discussed in

Section 3.9.2.
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In a DAG G, tasks with chained reading/writing dependency formulate a cause-effect chain
C ={rp, = 7, — ... = Ty}, which represents a data communication path. The implicit
communication protocol [43] is utilized in data communication where each job .J; ; reads data
at its start time s;, and writes data at f;; = s;x + C; even if J;; may finish earlier than
its worst-case execution time. Multiple cause-effect chains may share tasks, and the set of

cause-effect chains is denoted as C.

In scenarios where a single task reads data from the outputs of multiple tasks, we refer to the
tasks providing data as the source tasks, and the task that reads these outputs as the sink
task. The source tasks and the sink task collectively formulate a “merge” M (For example,

see Example 1). The set containing all merges to be optimized is denoted as M.

The DAG task set is processed by a multi-processor system. We assume that each job has
a known processor assignment before performing the schedule optimization, and we do not
consider processor migration during execution. For presentation simplicity, we assume using
a homogeneous multi-processor system. However, the heterogeneous computation can be
handled easily by modifying the resource-bound constraint correspondingly after obtaining
processor assignments. In experiments, the processor is assigned following the First-Come-
First-Serve heuristic, same as Verucchi et al. [95] for a fair comparison. The proposed

optimization framework does not optimize processor assignments.

3.4.2 General Schedule Optimization Problem Formulation

We consider the schedule optimization problem of time-triggered systems, focusing on re-
ducing the worst-case end-to-end latency and/or time disparity. The optimization variables

for our scheduling problem are called a schedule:

Definition 3.1 (Schedule). Given a DAG G = (7, E), a schedule s € RY is a vector of the
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start time of all jobs of all tasks in 7 within a hyper-period H.

A general schedule optimization problem consists of an objective function and a set of schedu-
lability constraints:

Minimize F(s) (3.1)

S

Subject to :
Vi e {0,...,n—1},Vk € {0,...,H/T; — 1},

ResourceBound(s) = 0. (3.1b)

Constraint (3.1a) guarantees every job starts and finishes within its schedulable range. The
resource bound constraint (3.1b) specifies that no computation resources are overloaded
(e.g., one CPU core executes more than one job simultaneously). The specific form of Eq.
(3.1b) will be introduced later in Section 3.4.5. A schedule s is feasible (or equivalently,
schedulable) if it satisfies both (3.1a) and (3.1b). Given a schedule s, the finish time f;; of

each job J; in non-preemptive systems is implicitly decided: f;, = s; 1 + C;.

3.4.3 Example Problem: End-to-end Latency Optimization

Each cause-effect chain C could trigger multiple job chains within a hyper-period. The worst-
case data age (reaction time) of a cause-effect chain C is the length of its longest immediate

backward (forward) job chain [30, 41]. These definitions are briefly reviewed below:

Definition 3.2 (Job chain [30, 41]). Given a cause-effect chain C = {1,,, = 7, = ... = 7.},
a job chain C”7 is a sequence of jobs {Jpy.00 — Jpr.s — - = Jpp.an}, Where Jp, 4, is the ¢

job of 7,,, and the data produced by J,, 4, is read by J,

i+1,9i+1"
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Definition 3.3 (Length of a job chain). The length of a job chain C” = {J,, 4o = Jpr.s —
woo. = Jpp e+ 15 the time interval from the start time of J,, 4, till the finish time of J,, 4, . It

is denoted as L(C”) = fy,.00. — Spo.do-

Definition 3.4 (Immediate backward (forward) job chain [30, 41]). A job chain C7 =
{Tpo.00 = Ipr.sn = - = Jpp.qn } 15 the immediate backward (forward) chain under schedule s

if Eq. (3.2) (Eq. (3.3)) is satisfied.
Vi € {17 X k}v fpiflylhfl < Spiar < fpi717(qi71+1) (32)

Vi € {07 N 1}7 Spi,(gip1—1) < fpqu‘ < Spit1,qi+1 (33)

Example 1. Fig. 3.1 shows a simple DAG with three tasks: 7 = {15, 71,72} and two
edges: E = {19 — 1,71 — 72}. The WCET, period, and relative deadline of each task is:
{Cy = 1,Ty = 10, Dy = 10}, {Cy = 2, Ty = 20, D, = 20}, {Cy = 3,T5 = 20, Dy = 20}. The
task set is executed on 2 identical processors unless otherwise stated. The hyper-period is

20. The schedule variable contains the start time of N =4 jobs: s = [s0, 50,1, 51,0, 52,0)-

Figure 3.1: Example DAG.

Suppose we have a schedule s = [0,10,1,3]. For the cause-effect chain C = {1y — 7},
the job chain CJ = {Jyo — Jao} is both an immediate backward job chain and immediate
forward job chain with length L(CJ) = 6. C{ = {Jo1 — J21} is another immediate forward
job chain with length L(C{) = 16. Thus, max D A¢(s) = 6, max RT¢(s) = 16. The longest

job chains for this scenario are shown in Fig. 3.2.
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Figure 3.2: Longest immediate forward and backward job chains for cause-effect chain C =
{’7’0 — 7'2}.

Given a schedule s, we use DA¢(s) (RT¢(s)) to denote the vector of data age (reaction

time) for all job chains of a cause-effect chain C within a hyper-period.

To summarize, when optimizing the worst-case data age or reaction time, the objective

function in (3.1) becomes:

F(s) =) maxDAc(s) (3.4)
ceC

F(s) =) max RTp(s) (3.5)
ceC

3.4.4 Example Problem: Time Disparity Optimization

Similar to a cause-effect chain, a merge M may have multiple job-level merges:

Definition 3.5 (Job merge). A job merge M” contains a sink job .J;; and a set of source

Sre

jobs J2r¢, from which J;; directly reads data:

Vi € Jffca fir <550 < fikt1 (3.6)

Definition 3.6 (Time disparity [81, 102]). The time disparity of a job merge M”, denoted
as TD(M?7), is defined as the difference between the earliest and latest finish times of all

source jobs in M.
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TD(M’) = max f; — min f; (3.7)

S S
JeJsye JeJsre

where f; represents the finish time of a job J.

Given a schedule s, we use T'D,,(s) to denote the vector of time disparities for all job
merges of M within a hyper-period. When optimizing the worst-case time disparity metric,

the objective function in (3.1) is formulated as follows:

F(s) = Z max T D ,(s) (3.8)
MeMm

Other forms of the objective functions are discussed in Section 3.9.1.

Example 2. In Example 1, there is only one merge M in the DAG with 7, as the sink task.
The corresponding job merge has .J o as the sink job and {Jy, J10} as the source jobs. The

maximum time disparity is maxT Dy (s) =3 — 1 = 2.

Theorem 3.7. The objective functions (3.4), (3.5), and (3.8) are all non-conver.

Proof. We prove it by providing counter-examples. Remember that a function f : R —
R is convex if for all s/ and s® in its domain and V¢ € [0,1], we have f(ts") 4 (1 —
t)s®) < tf(sM) + (1 —t)f(s?). We now give a counterexample for reaction time, and
the counterexamples for data age and time disparity are similar. In Example 1, consider
s = 10,10, 1, 3] with a reaction time 16, s = [0, 10, 1, 11] whose reaction time is 14. If
we define t = 0.5, then s® = ts(\) + (1 —¢)s? = [0,10,1, 7], but the reaction time of s® is

20, which violates the property required by convex functions. [
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3.4.5 Resource Bound Constraint: Interval Overlapping Test

In a non-preemptive system, the Interval Overlapping Test (IO Test) analyzes whether pro-
cessors are overloaded (one processor executes multiple jobs in parallel) for a given schedule
s. In this case, each job J;; can be modeled as an interval [s; j, f; ;] that starts execution at
s; and finishes at f; . = s;x + C;. Inspired by the demand bound function [10], we propose
an efficient non-preemptive schedulability analysis for optimization. Intuitively speaking,
there are no overloaded processors if any two job intervals mapped to the same processor do

not overlap.

Theorem 3.8 (IO test). In non-preemptive systems, there are no overloaded processors if

the following inequality holds for any two jobs J; and J;; assigned to the same processor:

if fi1 > Sig, then fj1—sip > Ci+C; (3.9)

Proof. Prove by contradiction. If there are overloaded processors, by definition, there must
be two job execution intervals overlapping with each other. Let’s denote the job with a larger

finish time as J;;, the other job as J; ;, then we have:

fiir—six < Ci + Cj (3.10)

This contradicts the IO test assumption above. O

Theorem 3.9. Given a set of job intervals I = {[s;x, fji|} sorted based on its start time s;
in increasing order, no intervals overlap with each other if any two adjacent job intervals do

not overlap with each other.

Proof. Skipped. It can be proved easily by contradiction. [
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Since a schedule will repeat in every hyper-period, the IO test only needs to consider all
jobs within a hyper-period. Within partitioned scheduling, each processor has to be tested

separately. The time complexity of the 10 test is O(Nlog(N)).

Example 3. Let us continue with the task set in Example 1. Suppose we only have one
processor and have a schedule s = [0,10,1,3]. If without sorting, the 10 test requires

verifying whether the following six pairs of intervals overlap:

{[80,07 fo,o], [50,17 fo,l]} {[80,0, fo,o], [51,0, fl,o]}
{[80,07 fo,o], [82,07 fz,o]} {[80,1, fo,l], [81,0, f1,0]}
{[80,17 f0,1], [82,07 f2,0]} {[81,(), f1,0], [82,07 f2,0]}

With sorting, only the following 3 pairs require verification:

{[80,07 fo,o], [51,0, fl,o]} {[31,0, fl,o], [82,0, f2,o]}
{[Sz,o, f2,o], [50,1, fo,1]}

If there is no overlap, then the 10 test states that the processor is not overloaded.

Now, we can give the complete form of the resource bound constraint (3.1b) in non-preemptive
systems:

0, if s passes IO test
ResourceBound(s) = (3.11)

1, otherwise

3.4.6 Model Assumptions

Assumption 3. The start time of each job could take continuous value.



CHAPTER 3. TIME-TRIGGERED SCHEDULING FOR NON-PREEMPTIVE REAL-TIME DAG TAsks USING
48 1-Opt LocAL SEARCH

Although the computer time is integer multiples of CPU cycles, the very high CPU run-time
frequency (MHz or GHz) means that rounding a float-point number into its adjacent integers
only incurs a small precision loss in timing metrics, if the jobs’ relative reading/writing time

order remains the same.

Assumption 4. A feasible schedule (a solution that satisfies constraints (3.1a) and (3.1b))

is available to start the iterative algorithms introduced next.

Normally, Assumption 4 can be easily satisfied with simple list schedulers [95]. This chapter
focuses on optimizing the timing metrics rather than finding a schedulable schedule, although

such an extension is possible (see Section 3.9.3).

3.4.7 Challenges

Solving the optimization problem (3.1) for DARTD is difficult because the objective function
follows a monlinear, non-monotonic, non-convex, and non-continuous relationship with the
variables (see Theorem 3.7 and its proof). Therefore, most popular optimization frameworks
cannot be directly utilized except integer linear programming (ILP). However, ILP requires

introducing many extra binary variables and could suffer from bad algorithm scalability.

3.5 Job order and scheduling

The proposed optimization framework that solves the problem (3.1) is built upon the concept
of the job order, which specifies the jobs’ reading/writing relationships and simplifies the

problem into a set of linear programming problems.
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3.5.1 Job Order

Definition 3.10 (Job scheduling time). The job scheduling time of a job J; is denoted as
Tik, which could be either the start time (denoted as T, called scheduling start time) or

the finish time (denoted as 7;’;, called scheduling finish time) of J; .

Since we adopt the implicit communication protocol and non-preemptive scheduling, a job

Jir's reading time is its start time, and its writing time is its finish time.

Example 4. In Example 1, consider a schedule s = [0,10,1,3]. The job Jyo has two

scheduling times: scheduling start time 75, = 0, and scheduling finish time 76{0 = 1.

Definition 3.11 (Job order). Given a set of jobs J, a job order O of J is an ordered list
containing all job scheduling times (both start and finish) of all the jobs in J. The job

scheduling times are ordered in non-decreasing order.

For notation convenience, we use O(i) to denote the i job scheduling time in the job order
O. For any two job scheduling times 7; 4, 7;; € O, if T;; has a smaller index than 7;,; in O,

denoted as 7T; < 7T;;, then that means 7;; happens earlier than or at the same time as 7;;.

Example 5. Consider the task set in Example 1. There are four jobs within a hyper-period.
For a schedule s = [sop,50,1,51,0,520] = [0,10,1,3], its job order is O = {76f0,76{077;f0,

7‘1{0, T 7;’;0, To1s 76{1}. We also give two examples for indexing: O(0) = T, O(3) = 7?;0.

A job order O implies a set of linear constraints on the schedule s of the optimization problem
(3.1):
Vi <j, Time(O(i)) < Time(O(j)) (3.12)

where Time(T;)) denotes the time that 7;x happens. If 7;, is a scheduling start time,

Time(Tix) = Six, otherwise, Time(T; ) = six + C;.
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3.5.2 Scheduling with Job Order

Finding a schedule that satisfies a given job order O is equivalent to solving the problem
(3.1) with extra linear constraints given by Equation (3.12). Here we provide the job order
scheduling problem for O:

Minimize F(s) (3.13)

S

Subject to :

Vie{0,...n—1},Vk € {0,..., H/T; — 1},

ResourceBound(s) =0 (3.13b)
Vi € {0,...,2N — 2}, Time(O(i)) < Time(O(i + 1)). (3.13¢c)

where the objective function F(s) could be, for example, data age (3.4), reaction time (3.5),

or time disparity (3.8).

Theorem 3.12. The constraints from a job order O simplify the problem (3.13) into a

convex problem, specifically, a linear programming problem, when the optimization objective

is DARTD.

Proof. Given a job order O, the relative start/finish relationship of any two jobs is known,
therefore all the job chains and job merges are decided. Then D A(s) and RT'(s) become
linear functions (lengths of all job chains in Definition 3.3). The T'D(s) can also be similarly
transformed into linear functions following [102]. Constraints (3.13a) and (3.13c) are evi-
dently linear functions. As for the computational resource bounds (3.13b) from the IO test
(3.9), since the given job order O already specifies the relative order of all the job scheduling

times, the constraint (3.9) becomes linear inequalities. Therefore, problem (3.13) is a linear



3.5. JOB ORDER AND SCHEDULING 51

programming problem. O

Next, we use 7*(O) to denote the optimal schedule for the problem (3.13). Note that the

7(0O) depends on the specific forms of objective functions and constraints.

Definition 3.13 (Optimal job order schedule). The optimal job order schedule, s* =

7(0) = argming F(s), is the optimal solution of the optimization problem (3.13).

Example 6. In Example (1), consider a job order: O = {75f0, ’75{0, Tos ’7?;0, T 7‘2{0, To1s 75{1},
where we assume Jyo and J; are assigned to one processor Py, while Jyo and Jy; are as-
signed to another processor P;. Next, consider optimizing the reaction time of a cause-effect
chain C = {19 — m}. The problem (3.13) can be transformed into a linear programming

problem as follows:

Minismize max { fo.0 — S0.0, fo1 — So.1} (3.14)
Subject to :
Joo =500+ Co, foa1 =01+ Co (3.14a)
Ji0=s10+C1, fa0 =520+ Co (3.14Db)
fo1 =820+ H+Cy (3.14c¢)
0 < s00 < Do — Co, To < $01 < T+ Do — Co (3.14d)
0<510<D;—Cy, 0<530< Dy—0C (3.14e)
fi,0 =500 = Co + Ci, fo1— 520> Co+ (3.14f)
50,0 < 80,0 +Co <510 <810+ C1 < s (3.14g)
890 < 890+ Ca < 591 < 50,1 + Cp. (3.14h)

The objective function (3.14) considers the length of two job chains initiated by Jyo and
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Joa within a hyper-period. The constraints (3.14a), (3.14b) and (3.14c) are due to the
non-preemptive scheduling. Constraints (3.14d) and (3.14e) are schedulability constraints.
Inequalities (3.14f) are the resource bound constraint (3.13b). There are only two 1O-test
constraints because jobs assigned to different processors can overlap. Constraints (3.14g)

and (3.14h) posed by the given job order.

Definition 3.14 (Schedulable job order). A job order O is schedulable if there exists a

schedulable schedule s that also satisfies the job order constraints (3.13c).

3.6 Two-stage optimization scheduling

Although finding the optimal schedule given a job order is simple and efficient, enumerating
all the possible job orders naively requires high computation costs. Therefore, we propose
an iterative algorithm, Two-stage Optimization Scheduling (TOM), to search for better job

orders. TOM is proven to find 1-opt solutions.

3.6.1 Optimization Concepts Review

Definition 3.15 (Global optimality). A solution s* for the problem (3.1) is global optimal

if there is no other feasible solutions s such that F(s) < F(s*).

Definition 3.16 (Local optimality). A solution s* for the problem (3.1) is local optimal if
there exists a small number § > 0, such that there is no other feasible solutions s € B(s*)

where F(s) < F(s*), B(s*) ={s | [|s —s*|| < ¢}.

Definition 3.17 (1-opt, [54, 80]). A solution s'* for the problem (3.1) is I-opt if “the

objective value at s'* does not improve by changing a single coordinate”, i.e., F(s'*) <

F(s™ + e;c) for arbitrary unit vector e; = {0, ..., 1,...,0} and ¢ # 0.
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Figure 3.3: TOM intuition. The solution space is divided into multiple “sub-spaces”, and
the optimal solution within each sub-space can be found efficiently by solving a linear pro-
gramming (LP) problem. This process is visualized above: Each job order defines a convex
sub-space (because all the constraints are linear after specifying a job order) and is informally
visualized as a grid in the figure above. The optimal solution within each grid is denoted as
a solid circle. The original optimization problem, which needs to explore the whole solution
space, is simplified into evaluating only the optimal solutions within each sub-space.
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Although a global optimal solution is also local optimal and 1-opt, local optimal and 1-opt
solutions are not inclusive of each other. In many real-time system problems, achieving
global optimal or even local optimal solutions within reasonable time limits is difficult. In

these cases, 1-opt provides a better trade-off between optimality and run-time complexity.

3.6.2 Two-stage Optimization Method (TOM)

Due to the non-convex and non-continuous nature of problem (3.1), straightforward opti-
mization algorithms necessitate an infinite number of objective function evaluations to verify
whether a solution is 1-opt. However, the concept of job order significantly simplifies the
problem (3.1) and allows us to verify whether a solution is 1-opt with only polynomial time
complexity. Therefore, we propose a two-stage optimization method (TOM). Fig. 3.4 shows
an overview of TOM. Starting from an initial feasible schedule, the first stage searches for
better job orders based on an iterative algorithm, while the second stage finds the optimal

schedule by solving problem (3.13) for each job order to evaluate.

3.6.3 Theorems on 1-opt Conditions

Definition 3.18 (Adjacent schedule permutation). The adjacent schedule permutation B(s)
of a schedule s is a set of schedules, where each schedule B(s); differs from s by only one

job’s start time.

Definition 3.19 (Adjacent job order permutation). Adjacent job order permutation B(O)
of a job order O is a finite set of distinct job orders. For each job order B(O),, there is
one and only one job J; ;. that the position of its scheduling start time 7;%,, or its scheduling
finish time 77;, or both, are different from those in O. The relative order of all the other

jobs’ scheduling time in O and B(0O), remain the same.



3.6. TWO-STAGE OPTIMIZATION SCHEDULING 55

(Start with an initial schedule s)

[ Extract or update job order O ](—

Search in O's adjacent job order
permutation following Eq. (21)

Find better schedulable job order?

{Schedule with job order O. Output s'* = W*(O)}

Figure 3.4: Main optimization framework. We begin with an initial feasible solution s and
its job order O. Then in each iteration, we search for a better job order in O’s adjacent job
order permutation B(O) and update the best job order found yet. Eventually, the iteration
will terminate at a 1-opt solution.

Example 7. Following the Example 1, let’s consider a job order O = {7, 76’;0, Toos 7'1{0,
To» 75{0, o1 76’;1}. As an example, B(O) could include an job order such as {7, 76{0,
Tsos ’7;{0, T ’71{0, To1s 76{1} by moving J; ¢ to the end of J;o. An alternative adjacent job
order could be {75, T, 76’;0, 7’1{0, T 75{0, Tos 76’;1} where 76{0 is moved to the back of
T, which means J; o will start execution before Jo, finishes. It is schedulable if there is

more than 1 processor.

1%

Theorem 3.20. Consider a schedule s** and its job order O. s'* is a 1-opt solution for

the optimization problem (3.1) if it satisfies the following conditions:

O = argmin F(7*(0)) (3.15)
OeB(O*)NQ
s = 7" (0O") (3.16)

where 7 (QO) denotes the optimal schedule obtained by solving the problem (3.13) for O,



CHAPTER 3. TIME-TRIGGERED SCHEDULING FOR NON-PREEMPTIVE REAL-TIME DAG TAsks USING
56 1-Opt LocAL SEARCH

denotes the set of schedulable job orders following Definition 3.14.

Proof. Consider an arbitrary solution 8 which differs from s!* by only one job’s start time,

A

and denote the job order of § as O. In the case, we can introduce a function 7(-) which
obtains the schedule § = 7(O). =(-) is possibly different from 7*(-) in Definition 3.13.

Following Definition 3.19, we know O € B(O"), and therefore

F(8) = F(r(0)) = F(x*(O")) = F(s") (3.17)

Therefore, s'* is 1-opt. N

Example 8. Let us continue with Example 1 and consider the reaction time optimization
problem of a chain C = {7y — 7»}. A 1-opt schedule could be s'* = [sq, S0.1, S1,0, S2.0] =
[9,10,18,11]. This solution is 1-opt because there is no better feasible solution if only

changing one job’s start time while leaving the other 3 jobs’ start times unchanged.

Lemma 3.21. If there are siz variables which satisfy ay + ¢ < by, by + co < as, then

max(|a; — az|, |by — ba|) > min(cy, ca).

Proof. Prove by contradiction. Assume maz(|a; — az|, |by — b2|) < min(cy, c2), then we have

as — a1 < Cq, b1 — by < ¢y (318)

Combine with the theorem assumptions, we can derive

a2<a1+01§bl, by < bs+ 3 < as (319)

The two inequalities above conflict with each other, therefore the lemma is proven. Il
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Theorem 3.22. Assume each job has a non-zero execution time and is executed in single-
core systems non-preemptively. Any schedule s obtained by solving the linear programming

problem (3.13) is local optimal.

Proof. Prove by contradiction. Assume s is not a local optimal solution. This implies the
existence of another feasible solution s* such that F(s*) < F(s), where ||s — s*|| < 4, and
0 > 0 is a very small number. Denote the job order of s and s* as O and O*, respectively.
Then we must have O* # O because s is optimal for the problem (3.13) given the job order
0.

Since we are considering a non-preemptive single-core platform, no jobs can run in parallel.
Furthermore, since the job orders are different, there must exist at least two jobs J;; and
J;j1, whose relative execution order is different. Without loss of generality, assume J; ; runs

earlier than J;; in O, and J;; runs earlier in O*. Mathematically speaking, that means:

sik +Ci < sy, 85, +C5 <spy, (3.20)

Based on Lemma 3.21, we have maz(|six — sil,[sj1 — s5,1) = min(Cy, Cz). Therefore,
|s — s*[| > maz(|six — il 1550 — 85,1) > min(Ch,Cy) > 6, which causes a contradiction.

Therefore, the theorem is proved. [

Thus, the 1-opt schedule s'* from Theorem 3.20 for a non-preemptive single-core system is

also local optimal.

3.6.4 Optimization Algorithm Towards 1-opt Schedules

Following Theorem 3.20, we can design a simple algorithm to search for better job orders

iteratively. The algorithm will update the job order following Eq. (3.21) and terminate when
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the iterations converges, i.e. O*+1) = Ok,

OF) — argmin  F(7*(0)) (3.21)
0eB(O*)NQ

where 7(Q) is the optimal job order schedule of O, Q denotes the set of schedulable job

orders following Definition 3.14.

Theorem 3.23. An iterative algorithm that updates the job order variables following Eq. (3.21)

will terminate after a finite number of iterations, and the solution found is 1-opt.

Proof. The iterative algorithm will terminate after a finite number of iterations because a
new iteration is initiated only after finding a feasible, better solution in previous iterations.
Considering that the optimal objective function value is positive, the algorithm is guaranteed
to terminate after a finite number of iterations. When the algorithm terminates, the two

conditions in Theorem 3.20 are both satisfied and therefore the solution is 1-opt. O

3.7 Emnhancing TOM: Strategies for Improved Perfor-

mance and Efficiency

3.7.1 Skipping Unschedulable Job Orders

Although the feasibility of a job order can be analyzed by solving the linear programming
problem in problem (3.13), the average run-time complexity is O(N*%) [25]. Therefore, we
propose the following lightweight lemma to quickly examine whether a job order is schedu-
lable with O(V) complexity. These lemmas are necessary, but not sufficient, conditions of

schedulability:
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Lemma 3.24. Given a job order O, if there exists one job J;;, whose scheduling finish time

77; precedes its scheduling start time T, then O is not schedulable.

Lemma 3.25. Given a job order O, if the mazimum number of concurrent jobs exceeds the

total number of processors, then O is not schedulable.

Proofs of these lemmas are straightforward as they breach either constraints (3.13a) or

(3.13b).

3.7.2 More Relaxed Constraints in LP

The solution quality of an optimization problem could become better if its constraints are
relaxed. In problem (3.13), although we cannot relax the constraints (3.13a) and (3.13b)
(hard schedulability constraints), we can relax the job order constraint (3.13c) because it is
only necessary to maintain the relative order of jobs that influence the objective functions
(because not all the tasks contribute to the cause-effect chains or merges) to guarantee that

the objective functions can be equivalently transformed into linear functions.

Example 9. Continue with Example 1, given a job order O = {7, 76{0, Tos 7‘1{0, To1s
76{1, T 7’2{0}, suppose we only have one processor and want to optimize the reaction
time of the cause-effect chain C = {79 — 7»}. In this case, the optimal schedule 7*(0) =
(50,0, 50,1, 51,0, S2,0] = [7, 10, 8, 11], the worst-case reaction time is 7 from the job chain {Jy o —
Jap}. Since J; o does not influence the length of the cause-effect chain C = {7y — 7}, only
enforcing the relative job order among {Jy o, Jo1, J20} is enough to transform the objective
function (3.5) into linear functions. Then the optimal schedule with relaxed constraints
become s = [ . 501, 81,0, 52.0] = [9, 10,0, 11]. The worst-case reaction time is reduced

to 5.
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3.7.3 Simple Job Order Scheduler

In cases when the run-time complexity becomes a major performance bottle-neck, we can
use a heuristic scheduling algorithm with O(N) complexity to replace solving the linear
programming problem (3.13) that usually requires O(N*%) time complexity [25]. The simple
job order scheduler adopts a First-In-First-Out scheduling policy. A job becomes ready for
execution after satisfying two conditions: (i) its release time has passed; (ii) its previous job
scheduling time has happened. Algorithm 4 shows the pseudocode of the simple job order

scheduler in a simulation environment.

Algorithm 4 Simple Job Order Scheduler

Input: Job order © Output: Schedule s

1: t=0 > Record current time
2: for each 7; in O do

3: J; = GetJob(T;)

4 if 7; is job scheduling start time then

5 t = max(t, J;.release__time, NextProcessorAvailable Time() )
6: S; = t

7: else

8 ifsi—l—C’igtthen

9: t=s,+0C; fi=s+C;

10: else

11: return 0 > O is unschedulable
12: end if

13: end if

14: end for

15: return s

Example 10. Continue with Example 9, consider the same job order O = {7, 76{0, T
7‘1{0, Toxs 76”01, T30 7;{0}. If there is only one computation core, the schedule obtained from
the simple order scheduler is [sgo, So.1, 51,0, S2.0] = [0,10,1,11]. In case of two cores, the

schedule is [sq 0, S0.1, 51,0, 52,0] = [0, 10,0, 10].
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Despite its fast speed, the simple job order scheduler suffers from two major disadvantages:
non-exact schedulability analysis and non-optimal schedule without any theoretical guaran-
tee. It is only encouraged to use if solving the problem (3.13) iteratively suffers from a big

time-out issue.

3.8 Implementation details

3.8.1 Initial Solution Estimation

In the experiments, we use a simple list-scheduling method [93] to obtain an initial schedule.
If multiple jobs become ready, jobs with the least finish time will be dispatched first. The
processor assignments are decided based on a simple First-Come-First-Serve strategy. In

practice, other methods can also be used to obtain a feasible initial schedule.

3.8.2 Faster Implementation within Time Limits

TOM is implemented slightly differently from (3.21) for faster run-time efficiency. When
searching for an optimal job order O®* within B(OW), we immediately accept a new job
order @ if it improves O®). Algorithm 5 shows the pseudocode of one single iteration. In line
3, B’{(0") denotes the adjacent job order permutation of O*" by only changing the index
of J;’s job scheduling time. O will be updated if a better job order is found. Following

Theorem 3.23, algorithm 5 also finds 1-opt solutions after algorithm termination.
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Algorithm 5 Single Iteration of TOM

Input: Job order O, job set J containing all jobs in a hyper-period
Output: O%+1

. Otme = OF)
: for each job J; in J do
for each job order O in B{(O") do
if F(7*(0)) < F(7*(O"?)) then
otmr = O
end if
end for

end for
O(k+1) = Otmp
k+1)

return O

,_.
e

3.8.3 When to Assign Processor

A simple First-Come-First-Serve (FCFS) policy is used for processor assignment for each
job. In experiments, we utilize the simple job order scheduler (Section 3.7.3) to generate
the processor assignment before evaluating a job order (i.e., solving problem (3.13)). Af-
ter obtaining the processor assignments, we formulate the resource-bound constraints for

problem (3.13).

3.8.4 Worst-Case Complexity Analysis

The overall algorithm’s complexity depends on the complexity of each iteration and the total
number of iterations. In the experiments, TOM usually terminates in less than 10 iterations.
Following (3.21), the cost of each iteration depends on the number of job orders to search and
the cost to evaluate a single job order (problem (3.13)). In the worst case, the total number
of adjacent job order permutations could be O(N?). However, techniques from Section 3.7.1

can greatly reduce the possible permutations. Evaluating a single job order has two steps:
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obtaining a schedule and then evaluating the objective function. The former could be as fast
as O(N) if a simple job order scheduler is used. In terms of solving the linear program, the
complexity could increase to O(N??) in average case [25] (In reality, since problem (3.13) is
very sparse, the real run-time speed should be much faster than O(N??)). Finally, evaluating

the objective function given a schedule requires O(N?) complexity in worst cases.

Overall, the worst-case complexity in one iteration is O(N? - (N?® + N?)) if an optimal
job order scheduler (solving problem (3.13)) is used. However, most experiments finish
optimizing task sets of thousands of jobs within 1000 seconds, which suggests the average

time complexity to be O(N?).

3.9 Extensions and Limitations

This section briefly discusses several possible extensions and leaves the experiment verifica-

tion to future works.

3.9.1 Alternative Objective Functions

Apart from the objective functions shown in Section 3.4.3 and 3.4.4, TOM also supports
other forms of objective functions: such as linear combination of data age, reaction time,
and time disparity. Besides, TOM can also optimize nonlinear functions of different timing
metrics (such as jitters of end-to-end latency) and solve them with nonlinear programming

methods [76, 100], though without the 1-opt or local-optimal guarantee anymore.
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3.9.2 Extension For Preemptive Scheduling

While the TOM framework is designed for non-preemptive time-triggered scheduling systems,
it can be extended to work with preemptive systems. Firstly, similar to the start time
variables, an extra set of finish time variables has to be incorporated into the optimization
problem formulation. The schedulability analysis constraints (Section 3.4.5) have to be
replaced with the demand bound function used in [10]. The concept of job order remains

the same because it already incorporates the finish time.

3.9.3 Finding Feasible Initial Schedules

The TOM optimization framework can also be utilized to find feasible schedules. This sub-
section briefly discusses the theoretical foundations. Since feasibility is a binary metric that
is not friendly for optimization, we utilize “tardiness’ as the optimization objective function

(similar to [100]). The feasibility optimization problem is formulated as follows:

n—1 H/T;—1
Minimize Z Z Barrier(kT; + D; — C; — s;x) (3.22)
° =0 k=0
0 x>0
Barrier(z) = (3.22a)
- <0
Subject to :
Vi € {0,..n—1},Vk € {0, .., H/T; — 1}, KT} < sip (3.22b)
ResourceBound(s) = 0 (3.22¢)

Theorem 3.26. If a solution s can reduce the objective function in problem (3.22) into 0

while also being feasible for problem (3.22), then s is a schedulable schedule.
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Proof. 1f the objective function is reduced to 0, no jobs violate the deadline constraints. Com-
bined with the job release constraint (3.22b) and processor overloading constraint (3.22c¢),

the schedule s is schedulable by definition. ]

Theorem 3.27. List scheduling can always provide a feasible initial solution to prob-

lem (3.22).

Proof. The schedule found by list scheduling is always feasible for problem (3.22) because a
job is dispatched for execution whenever there is an idle processor (satisfying constraint (3.22¢))

after the job is released (constraints (3.22b)). O

Theorem 3.28. The problem (3.22) can be equivalently transformed into a linear pro-
grammaing problem after adding an extra set of job order constraints (the inequality con-

straint (3.13c)).

Proof. Following Theorem 3.12, we only need to prove that the objective function (3.22) can
be transformed into linear functions. This can be easily done by introducing an artificial

variable z;x for each term following [102]. After that, the objective function becomes:
Mlmsmlzez Z Zi k (3.23)

=0 k=0

with extra linear constraints:

Vi€ {0,...,n—1},Vke{0,...H/T, — 1},

Zi,k Z 0 & Zi,k Z -1- (kn + Dl — Cz — Si,k) (324)

Since both the objective functions and the constraints are linear functions after transforma-

tion, the theorem is proved. ]
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The theorems above show that TOM can also solve the feasibility problem (3.22). It is
also guaranteed to perform better than simple scheduling heuristics such as list scheduling

because TOM utilizes them as initial solutions.

3.9.4 Limitations

Compared with global optimality, 1-opt provides a weaker form of theoretical guarantee.
However, in general cases, obtaining global optimal solutions requires significantly higher
computation costs. Therefore, given the same computation costs, 1-opt could potentially

achieve better performance, as shown in our experiments.

TOM’s computation cost depends on the number of jobs within a hyper-period. Therefore,
there could be a higher computation cost in non-harmonic task sets. However, in realis-
tic time-triggered scheduling (TTS) systems [72], there cannot be too many jobs within a
hyper-period because that would incur a high overhead in task management and schedul-
ing. Therefore, it is expected that the computation cost associated with TOM should be

reasonably low in real-world systems.

3.10 Experiment

The proposed framework was implemented in C++ and tested on a computing cluster (AMD

EPYC 7702 CPU). We consider the following methods in experiments:

o List Scheduling [93]. Whenever there are available processors, it dispatches the ready

job with the least finish time for execution.

 Simulated Annealing [94]. A general heuristic method for optimization problems. The
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initial temperature is 1e8, and the cooling rate is 0.99, which encourages the algorithm
to explore the solution space. The initial schedule is obtained from the list scheduling,

the same as TOM.

 Verucchi20 [95]. It was proposed to minimize the worst-case data age and reaction time
in multi-rate DAG. The code implementation is adopted from their official release
repository. If it does not run out of time, its solution quality is close to optimal
solutions. To the best of our knowledge, it is also the most recent state-of-the-art work

that considers a similar problem setting.

o« TOM. The optimization framework proposed in this chapter. When solving prob-
lem (3.13), CPLEX [26] is used to find optimal solutions.

o TOM_ SimpleScheduler. Similar to TOM, except that the simple job order scheduler

(Section 3.7.3) instead of LP is used when obtaining a schedule from a job order.

o TOM_Extended. Similar to TOM, except that we also enabled the relaxations on the

linear programming problem’s constraints, which is introduced in Section 3.7.2.

If one method runs time-out without a feasible solution, we use the results of list scheduling

during the result analysis.

3.10.1 Task Set Generation and Results

The simulated DAG task sets are generated following a real-world automotive benchmark
[56], all the tasks’ periods are randomly generated from a limited set {1, 2, 5, 10, 20, 50,
100, 200, 1000}, with relative probability distribution: {3, 2, 2, 25, 25, 3, 20, 1, 4}. The
overall task set’s utilization is set to 0.9m, where m is the number of cores available, 4 in

our experiments. Each task’s worst-case execution time is generated by UUnifast [13] while
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following the multi-core adaptation implementation in [100]. Each task’s relative deadline is
the same as its period. Task sets generated in this way usually have hundreds or thousands

of jobs to schedule.

Task dependencies are generated randomly following He et al.[46]. After generating indi-
vidual tasks, we go through each pair of tasks and randomly add an edge from one task to
another with a given probability, 0.9 in our experiments (smaller probabilities are usually
insufficient to generate many cause-effect chains in the DAG). The number of tasks in a task
set ranges from 5 to 20. Cause-effect chains are generated as the paths between random
pairs of tasks using the shortest path algorithm in Boost Graph Library [88]. Task merges
are generated by randomly selecting a sink task and then collecting all source tasks on which

the sink task directly depends.

For a task set with n tasks, there are n to 2n random cause-effect chains and [0.25n] to n
random task merges. The maximum number of source tasks in a merge varies from 2 to 9
following ROS [64]. The lengths and activation patterns of the cause-effect chains adhere
to distributions outlined in Table VI and Table VII of the automotive benchmark [56]. To
meet distribution criteria, we initially generate plenty of task sets, evaluate the likelihood
for each task set, and then sample 1000 random task sets weighted by the likelihood for each
given number of tasks. All task sets are schedulable under the list scheduling method. The

run-time limit for scheduling one task set is 1000 seconds per method.

We tested the performance of each method in optimizing data age, reaction time, and time
disparity separately. The experiment results are reported in Fig. 3.5. All performance gaps

are compared against the list scheduling method:

Fmethod - JrListhcheduling

x 100% 3.95
'FListischeduling 0 ( )
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Figure 3.5: Performance gap and running time for optimizing end-to-end latency and time
disparity on synthetic task sets.
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3.10.2 Result Analysis and Discussion

Overall, TOM and its extensions significantly outperform other methods in various experi-

ments. Next, we provide a more detailed analysis of different aspects.

Comparison with baseline methods

Compared with other baseline methods, the performance improvements of TOM and TOM
_ Extended are not obvious when the number of tasks is small (n = 5). This is because
the solution space is very small and most methods can find good solutions. However, as
the number of tasks increases, Verucchi20 quickly reaches time limits and can barely find
schedulable schedules or schedules with low end-to-end latency. Simulated annealing always
starts its iteration with a feasible schedule. However, due to its inefficient solution space
exploration techniques, it usually requires a long time to find a good solution, which often
exceeds the given time limit and therefore cannot show much performance improvement. In
contrast, guided by 1-opt, TOM and TOM__Extended are able to explore the solution space
efficiently while still maintaining good solution quality. These experiment results show the

benefits of both 1-opt optimality and the proposed TOM optimization algorithms.

TOM vs TOM_ SimpleScheduler

The performance improvements of TOM against TOM__SimpleScheduler show the benefits
of the LP formulation. Compared with simple heuristics such as list scheduling, LP ex-
plores a larger solution space, can find non-work-conserving schedules, and thus achieves
better solution quality. The disadvantage of the LP approach is the higher computation
cost. To compensate for the extra computation costs, many heuristics are proposed in this

chapter without sacrificing the theoretical guarantee, such as using fast necessary conditions
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to filter un-schedulable job orders (Section 3.7.1), exploring the sparse structure in imple-
mentation (the resource bound constraints are sparse linear constraints). However, TOM

_ SimpleScheduler could still be an option in situations with many tasks/jobs.

TOM vs TOM__Extended

The performance improvements of TOM__Extended against TOM show the effectiveness of
the heuristics (Section 3.7.2) to further improve upon 1-opt while maintaining a similar run-
time speed. Since the results obtained from both TOM_Extended and TOM are 1-opt (if
not running time-out), it implies that there are potentially many 1-opt solution candidates
with varying solution qualities in the whole solution space. If applicable, utilizing heuristics

to further improve upon 1-opt solutions is beneficial.

Time-out issue

It is possible that TOM does not finish iterations before running time out. In these cases,
TOM degrades into heuristic algorithms without a theoretical guarantee. However, the trend
in Fig. 3.5 shows that running time-out does not seriously degrade the solution quality even
though more than 30% cases running time out when n = 20 (around 4000 jobs per task set).
We expect TOM to work reasonably well for task sets with less than 10* jobs if the time
limit is 1000 seconds. Optimizing larger task sets, such as those with 10° jobs, would require

a much longer time limit.

Data Age vs Reaction Time

Experiments show that data age and reaction time optimization have similar results. Fur-

thermore, reducing one metric usually reduces the other, which is broadly consistent with
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the findings in [42]. This observation may improve the algorithm efficiency in cases where
both data age and reaction time need to be optimized: we may just consider only one metric

in the objective function and leave the other out.

3.10.3 Time Disparity Optimization Result

Although the overall results on time-disparity optimization are good, Fig. 3.5¢ shows that
the performance seems to become worse when the number of tasks increases from 5 to 8.
This is mainly due to the nature of the problem itself, rather than the limitations of the
optimizers. For example, consider two merges where one merge has 2 source tasks and 1
sink task, and another merge has the same sink task, the same 2 source tasks, and 2 more
extra source tasks. In this case, the maximum source time disparity of the second merge
could never become smaller than the first merge. In practice, adding more source tasks does
not necessarily make the list scheduling perform worse after reaching certain limits, but it
does make the optimization more difficult, and limits the performance improvements even

for global optimal solutions.

3.11 Conclusions

In this chapter, we investigate a multi-rate DAG scheduling problem to reduce the worst-
case end-to-end latency and/or time disparity metrics. Given the potentially vast number
of variables within the solution space, we advocate for guiding the scheduling design with
l-opt. Our optimization algorithm introduces a novel technique called job order to parti-
tion the solution space into multiple convex sub-spaces. This partitioning strategy allows

utilizing linear programming to minimize DARTD within each subspace. Building upon
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this partition, our algorithm iteratively traverses among the sub-spaces, ensuring that the
output is 1-opt. In contrast to alternative optimization algorithms, such as meta-heuristics
algorithms lacking any theoretical performance guarantees, or optimal algorithms that may
require exponential run-time complexity, the 1-opt algorithm balances the trade-off between
theoretical performance guarantee and run-time complexity. We rigorously prove that our
optimization algorithm achieves 1-opt solutions while maintaining polynomial run-time com-
plexity. Further optimization heuristics are also proposed to improve the algorithm’s per-
formance and efficiency without compromising the 1-opt solution guarantee. Experimental
results indicate significant improvements over state-of-the-art methods in both performance

and computational efficiency.



Chapter 4

A Wait-Free Communication Protocol

for Data Consistency in Multicore

Embedded Systems

4.1 Abstract

Ensuring data consistency in multicore embedded systems with concurrent data read-write
operations presents significant challenges, especially under real-time constraints. Instead of
relying on traditional lock-based protocols that worsen real-time schedulability due to their
blocking times, this chapter adopts wait-free protocols that duplicate data communication
buffers to avoid the blocking times. Specifically, we first extend both the Dynamic Buffering
Protocol (DBP) and the Temporal Concurrency Control Protocol (TCCP) to multicore set-
tings under fixed-priority partitioned scheduling. We further propose a novel wait-free proto-
col, Partitioned Combined-DBP-TCCP Protocol (PCDT), for data communication through
shared memory. This method enables different data consumers to selectively adopt either

DBP or TCCP based on their specific timing requirements to optimize resource allocation.

Beyond this novel protocol design, we introduce memory-aware system-level optimization

techniques to further reduce the memory footprint of PCDT. Specifically, we adopt a priority

74
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assignment strategy, PA-MBTT [112, 115], and show that when combined with preemption
threshold scheduling, it significantly improves memory efficiency over standard Deadline
Monotonic scheduling. We also design a Wait-Free-Aware Partitioning (WFAP) heuristic
and its local search variant (WFAP+) to optimize task partition with respect to the mem-
ory overhead of wait-free communication. These methods enable scalable, memory-efficient

deployment across various system configurations.

Extensive numerical experiments demonstrate that PCDT achieves more than 36.01% re-
duction in memory footprint compared to PDBP or PTCCP while ensuring wait-free, non-
blocking data access and timely updates for each data reader. Combined with PA-MBTT
and WFAP+, the total memory usage can be reduced by an average of 53.67%. A case study
in an automotive advanced driver assistant system further underscores the practicality and
effectiveness of the proposed approach, achieving more than 43.43% memory savings in the

real-world setting.

4.2 Introduction

Ensuring efficient data communication and consistency in multicore embedded systems is
critical in several application domains such as automotive, aerospace, and industrial au-
tomation. Multicore architectures offer enhanced computational power, however, they also
introduce complexities in coordinating concurrent data access across tasks with strict timing
requirements, a challenge that is especially vital in hard real-time systems. Traditionally,
lock-based protocols, such as Priority Ceiling Protocol (PCP) [87], Stack Resource Policy
(SRP) [9], along with their multicore extensions, MPCP [84] and MSRP [37], have been
widely used to coordinate shared data access. Although effective in maintaining data consis-

tency, lock-based approaches inherently introduce blocking time as tasks must wait for locks
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to be released, which can lead to priority inversion and unpredictable latency. Such delays
are particularly undesirable in real-time systems, where timing predictability is important

for safe and reliable operation.

To overcome the long blocking time of lock-based methods, lock-free and wait-free communi-
cation protocols have gained significant attention in the field of real-time embedded systems.
Lock-free protocols allow tasks to access shared data without blocking, enabling progress even
when multiple tasks access the same data simultaneously [5, 35]. In a lock-free approach, a
reader task reads data optimistically, without waiting for exclusive access. At the end of each
operation, the reader performs a consistency check; if a concurrent write occurred during its
read, the task repeats the operation to ensure data consistency. While lock-free protocols
reduce blocking and improve system responsiveness, they may still introduce delays due to

these retries, making them less predictable for real-time constraints.

In contrast, wait-free protocols guarantee that each operation is completed within a finite
number of steps, regardless of contention from other tasks, thereby eliminating blocking en-
tirely. These protocols typically rely on using multiple buffers to replicate communication
data, enabling concurrent access while maintaining consistency. This property makes wait-
free synchronization protocols particularly well-suited for real-time systems with stringent
timing requirements. For instance, the Temporal Concurrency Control Protocol (TCCP) [23]
leverages task lifetime, allocating resources based on task worst-case response time to op-
timize data consistency and memory efficiency. Similarly, the Dynamic Buffering Protocol
(DBP) [90] allows concurrent readers to access dynamically allocated buffers without locking,
maintaining data consistency across tasks. However, these approaches can lead to notable
memory overhead due to the replication of communication data across multiple buffers,
which may strain resources in memory-constrained environments. Consequently, optimizing

memory usage while preserving real-time guarantees remains a critical challenge, especially
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in multicore real-time embedded systems where resource contention and scalability further

exacerbate the issue.

In recent years, researchers have proposed optimization techniques to mitigate memory over-
head in wait-free protocols. These approaches enable the selective use of lock-based or wait-
free synchronization protocols based on task requirements and system constraints, often
employing Integer Linear Programming (ILP) to achieve optimal core allocation. However,
ILP-based methods are not always scalable for larger systems, necessitating the use of heuris-

tics to provide efficient solutions [2, 3].

Existing solutions largely focus on lock-based protocols, and the interplay between wait-free
protocols and system-level scheduling strategies like priority assignment and task partitioning
remains underexplored. This motivates the development of wait-free protocols that are not
only adaptable to multicore systems but also resource-efficient. In this chapter, we consider
a partitioned scheduling real-time system in which tasks are statistically assigned to specific
cores and do not migrate during execution. We propose the Partitioned Combined-DBP-
TCCP Protocol (PCDT), a novel wait-free protocol designed specifically for such multicore
architectures. PCDT leverages both DBP and TCCP, allowing data readers to adopt either
protocol based on individual timing requirements to optimize resource allocation. This
partitioned approach enables systems to benefit from both protocols, achieving a reduced

memory footprint while ensuring data consistency and timing predictability.

To further enhance memory efficiency and system schedulability, we incorporate two key
system-level optimization techniques: A priority assignment strategy based on the Maxi-
mum Blocking Time Tolerance (MBTT) that minimizes buffer demand under wait-free com-
munication while leveraging preemption thresholds to reduce data buffers. A family of task
partitioning heuristics, Wait-Free-Aware Partitioning (WFAP), and its local search-enhanced

variant WFAP+-, which are tailored to reduce communication-induced memory costs across
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multicore partitions.

Our results demonstrate the complementary benefits of protocol design and system-level
enhancements. WFAP provides an average of 30.72% memory savings compared to baseline
partitioning, while WFAP+ can achieve an average of 53.67% savings in offline settings.
PA-MBTT with preemption thresholds consistently outperforms traditional fixed-priority
strategies in memory efficiency. Together with PCDT, the integrated system can handle

high data-sharing demands while significantly reducing the required memory footprint.

The contributions of this chapter are summarized as follows:

o We extend existing wait-free communication protocols to support multicore, parti-

tioned scheduling in real-time embedded systems.

o We propose the PCDT protocol, a hybrid wait-free data communication method de-
signed specifically for multicore real-time systems, which further optimizes memory

usage.

o We leverage a priority assignment strategy (PA-MBTT) that exploits preemption

threshold scheduling to reduce memory usage in wait-free settings.

« We propose two wait-free-aware task partitioning techniques (WFAP and WFAP+),

designed to minimize inter-core communication costs and improve schedulability.

o We present the algorithm design for the PCDT protocol, providing a detailed expla-

nation of its structure and how it can be practically applied.

o We evaluate the proposed solutions through extensive simulation and a real-world case
study. Results show that PCDT combined with PA-MBTT and WFAP+ achieves an

average of 53.67% memory reduction and maintains high schedulability even under
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heavy communication loads. In an automotive Advanced Driver-Assistance System

(ADAS) case study, we observe 43.43% memory savings using our integrated approach.

4.3 Related Work

Data Consistency Mechanisms. Efficient data communication in real-time embedded
systems has long been a research focus. We first review the related work on mechanisms for
guaranteeing data consistency, focusing on the wait-free methods. Early work by Kopetz and
Reisinger [6] formally defined the Non-Blocking Write (NBW) protocol, establishing theoret-
ical guarantees for wait-free protocol. Later, Chen and Burns [23] introduced the Temporal
Concurrency Control Protocol (TCCP), which leverages task worst-case response times to
manage buffer allocation, significantly improving memory efficiency. The Dynamic Buffering
Protocol (DBP) [90] enables wait-free communication by associating multiple buffers with
each shared variable to eliminate blocking. Huang et al. [48] adapted these ideas to optimize
interprocess communication by reducing overhead in constrained environments. Building on
these efforts, Wang et al. [98] proposed the Combined DBP-TCCP (CDT) protocol, which
integrates the advantages of DBP and TCCP in a single-core context. CDT highlights the
importance of both task response times and priority assignments in determining the memory

footprint of wait-free protocols.

On multicore architectures, Zeng et al. [111] summarized the wait-free methods and lock-
based approaches in terms of their tradeoffs on timing and memory. It also extended the
wait-free methods for the purpose of flow preservation of synchronous reactive models (a
critical requirement in the model-based design of control-centric applications). Han et al. [44]
implemented the lock-based and wait-free methods on two open source RTOSes. It also

presented heuristic algorithms to select these mechanisms to minimize the memory overhead
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of wait-free methods while satisfying the schedulability constraints.

Optimization for Systems with Partitioned Fixed Priority and Preemption Thresh-
old Scheduling. Task partitioning has been extensively studied for multicore real-time
systems with partitioned scheduling. A broader review of task partitioning techniques can
be found in the survey [89]. In particular, simple heuristics such as Best-Fit Decreasing
(BFD) [52] offer efficient but suboptimal allocations. Baruah and Fisher [12] highlighted the
limitations of bin-packing heuristics for sporadic tasks, particularly when synchronization
costs are overlooked. Lakshmanan et al. [59] proposed partitioned scheduling approaches
that account for blocking times from lock-based approaches for accessing shared resources.
The Synchronization-Aware Partitioning Algorithm (SPA) [58] and Blocking-Aware Parti-
tioning Algorithm (BPA) [75] further improved partitioning by considering inter-task attrac-
tions induced by shared resource usage. However, these methods primarily target lock-based
synchronization and assume a small number of shared resources, limiting their scalability in
systems with large-scale label-based communication typical of modern wait-free protocols.
Resource-Oriented Partitioning (ROP) [49, 109] introduced distributed sharing policies to
reduce contention, although its dependence on specific scheduling policies reduces its general
applicability. Han et al. [45] studied the blocking aware partitioning on heterogeneous mul-
ticore architectures. Al-bayati et al. [2, 3] considered wait-free methods as an alternative for
data consistency, and presented algorithms for partitioning and selection between wait-free
and lock-based approaches. Compared to these studies, our work is unique in its focus on

wait-free methods as the only mechanism for ensuring data consistency.

Since in partitioned scheduling, each core is scheduled separately, we also review the related
work on the priority and preemption threshold assignment. For priority assignment, common

schemes include Rate Monotonic (RM) [67], Deadline Monotonic (DM) [60], and Audsley’s
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Optimal Priority Assignment (OPA) [7]. More priority assignment strategies can be found in
these survey works [27, 28]. More recently, Zhao et al. [122, 123, 124, 125, 126, 127] developed
a series of optimization algorithms for priority assignment that are efficient and optimal.
However, they all rely on that the associated schedulability analysis satisfy the compatibility
conditions of OPA, except [124]. Still, the framework in [124] imposes optimality conditions

that are violated in preemption threshold scheduling.

Preemption Threshold (PT) scheduling offers a balanced approach between fully preemptive
and non-preemptive scheduling. Initially proposed by Wang and Saksena [103], PT assigns
each task a base priority and a preemption threshold. A task can only be preempted by an-
other task with a priority higher than its threshold. This significantly reduces unnecessary
preemptions, improves cache locality, decreases context-switch overhead, and enables mem-
ory optimizations such as stack sharing. Saksena and Wang [86] demonstrated the scalability
of PT for large systems. Ghattas and Dean [38] analyzed stack usage under PT, showing its
ability to achieve stack-optimal configurations. Bril et al. [16] incorporated cache-related
preemption delay analysis into PT, enhancing its practical applicability. Preemption thresh-
old scheduling has been extended to various settings to save memory and stack usage, in-
cluding mixed-criticality systems [116, 117, 118, 120, 121], global fixed-priority scheduling
on multicore [97], cache partitioning [17, 40, 96], and is supported by the automotive stan-
dard AUTOSAR [119], further demonstrating the versatility of this approach in modern
embedded applications. However, none of the above considered the memory minimization

for wait-free methods.
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4.4 System Model and Background

In this section, we describe the system model and provide relevant background to establish
a foundation for analyzing wait-free synchronization in multicore real-time systems. We
consider a partitioned, fixed-priority preemptive scheduling scenario on a multicore plat-
form, where tasks are statically assigned to specific cores, each with defined temporal and

communication attributes.

4.4.1 Task Model

We model system as a set of tasks 7 = {7, 7, ..., 7.}, where each task 7; is characterized
by the following parameters (T;, C;, D;, m;, 0;, core;). Each task is assigned to a specific core
core; € {1,2,...,m}, and task migration across cores is not allowed during execution. The
period T; represents the interval at which 7; is released. The worst-case execution time
(WCET) C; denotes the maximum time task 7; takes to execute on its assigned core core;
under the worst-case conditions, including the time required for all reading and writing op-
erations in data communication. The relative deadline D; indicates the maximum allowable
time from task release to its completion, with the assumption of constrained deadlines, where
D; < T;. The nominal priority m; of each task defines its execution order relative to other
tasks on the same core, with higher-priority tasks preempting lower-priority ones. A higher
value of m; corresponds to a higher priority level. Task priorities remain fixed through-
out execution. When preemption threshold scheduling is enabled, each task is assigned a
preemption threshold 6;, which specifies that only tasks with a priority higher than 6; can

preempt 7;.
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4.4.2 Data Communication Model

Tasks communicate by reading from and writing to shared memory, enabling efficient data
exchange across the system. We adopt the widely used single-writer, multiple-reader data
communication model in real-time embedded systems, where a single task writes data while
multiple tasks may read it concurrently [23, 90]. In this model, each data item communicated
between tasks is referred to as a label. Each label L; has a specific label size Sy, typically a
few bytes, representing a small unit of shared information. For each label, there is exactly
one writer task responsible for updating its value, while multiple reader tasks can access it

to retrieve the most recent data.

The classification of a task as a writer or reader is label-specific; a task may serve as a writer
for one label while acting as a reader for another label. For clarity, we use writer and reader
to denote tasks that write to and read from a given label, respectively. The proposed data
communication model supports the large-scale exchange of labels in real-time systems, often
involving tens of thousands of labels. In such scenarios, a directed acyclic graph (DAG) [101]
is unsuitable when data communication dependencies form cycles. Given the high volume of
data exchange, ensuring efficient and timely data consistency is crucial to preventing delays

that could violate the timing constraints of dependent tasks.

4.4.3 Response Time Analysis

In real-time systems, the response time of a task is defined as the time interval between the
task’s release (or arrival) and its completion [6, 18]. More specifically, the response time
includes the time taken for a task to execute, along with any delays caused by other tasks,
such as preemption or blocking, during its execution. A key objective in real-time systems

is to ensure that tasks complete their execution within their respective deadlines, which
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requires an accurate analysis of the worst-case response time for each task in the system.

In a partitioned system, each core schedules its assigned tasks independently based on task
priority levels. The response time analysis is performed for each core separately, considering
the tasks allocated to that core and the interference between them. In this setup, we apply
the traditional response time analysis (RTA) technique used for fixed-priority preemptive
scheduling. The response time R; for task 7; can be calculated using the following equation

(adapted from [6]):

Ri=Ci+ > [%w C; (4.1)

vrjehp(icore;) ' 7
where hp(i, core;) represents the set of higher-priority tasks allocated to the same core core; as
7;, 1.e., task 7; with m; > m; & core; = core;. The response time is iteratively calculated until
it converges to a fixed value, where the task’s response time does not change in subsequent
iterations. The first term C; represents the execution time of the task itself, and the second

term accounts for the interference caused by the higher-priority tasks within the same core.

4.5 Wait-Free Data Communication

4.5.1 Overview of Waif-Free Data Communication

In real-time systems, wait-free protocols ensure that tasks can access shared data without
blocking by allowing each task, whether a reader or writer, to access data independently.
Wait-free mechanisms achieve this non-blocking access by using multiple buffers for each data
label, where each buffer is typically sized to match the data label size. This ensures that

readers can always access the most recent data without waiting for other tasks, especially
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the writer task, to complete their operations, thus preventing delays due to lock contention.

In wait-free data communication, multiple buffers are allocated to a single data label. The
writer task updates data by writing to one of these buffers while readers access the latest
available buffer without interfering with the writer’s operation. Fig. 4.1 illustrates this
concept, showing the timelines of three tasks running on two cores. Task 1 generates new
data in each job, while Task 2 and Task 3 read the latest updated data from Task 1. Task
1 has a higher priority than Task 2, and Task 3 runs on a separate core so that it does
not interfere with the other two tasks under partitioned scheduling. For simplicity and
clarity, the example only considers a single data label being communicated among tasks,
with multiple buffers allocated for its data exchange. The writer (Task 1) always writes to
an available buffer that is not currently used by any reader. A reader (Task 2 or Task 3)
accesses the latest updated buffer in a non-blocking manner. This multi-buffer mechanism
ensures wait-free operations while preserving data consistency. As illustrated in Fig. 4.1,
Task 2 begins execution at time tg but is preempted by Task 1 at time t;. Even though
Task 2 is still reading Buffer 2, Task 1 can safely update new data in a separate buffer. This
wait-free mechanism also extends to multicore scenarios. In the example, Task 3 reads the
latest updated buffer at the start of execution and can safely continue referencing it until
completion. Despite the absence of locking mechanisms, data consistency is maintained as
long as there are sufficient buffers for the writer to store new data. A well-designed wait-free
protocol aims to minimize buffer usage while ensuring that all tasks can access data without

blocking.

Assumptions

Certain assumptions about system operation and communication requirements are typically

made in designing wait-free data communication protocols. These assumptions are necessary



CHAPTER 4. A WAIT-FREE CoMMUNICATION PROTOCOL FOR DATA CONSISTENCY IN MULTICORE
86 EMBEDDED SYSTEMS

W—>
Write to Buffer

R——>
Read from Buffer

Figure 4.1: Wait-Free data communication diagram for a single data label: Task 1 generates
new data in each job instance, while Task 2 and Task 3 read the most recently updated
data from Task 1. As described in Section 4.5.1, data communication can occur at any
point during task execution. The multi-buffer mechanism ensures wait-free operations while
preserving data consistency.

to ensure that the protocols guarantee non-blocking access to data without compromising

data consistency or real-time requirements:

« Data communications (reads and writes) may occur at any point during task execution.
This flexibility ensures that reader and writer tasks are free to operate on shared data

when needed, without being restricted to specific time slots or critical sections.

e The system often supports a large number of data communication labels, frequently
exceeding 2,000 labels [57]. These labels can be managed and processed independently.
In cases where consecutive communication of multiple labels is required, they can be
integrated into a single label with a larger buffer size, thereby simplifying the protocol’s

operation.

o Wait-free protocols do not require explicit designation of critical sections, meaning
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that tasks do not have to request locks or wait to operate on shared data. Instead,
the protocol itself ensures data consistency, relieving software developers from having

to manage data access manually within the task code.

Evaluation for Wait-Free Protocols

The efficiency of wait-free protocols is evaluated by measuring the total memory footprint
consumed by data communication buffers across the system. In a wait-free protocol, each
data label is managed independently, with its own dedicated implementation of buffers tai-
lored to its specific label characteristics. For each label, the protocol aims to minimize the
number of required buffers while guaranteeing wait-free, consistent data access for all read-
ers. The memory cost for a single label is computed as the product of the number of allocated
buffers and the label’s data size. The overall system memory footprint is then obtained by
summing the memory requirements across all data labels (Eq. 4.2, where N By, represents
the number of buffers needed for label L;). Thus, although system-level evaluation focuses on
total memory usage, protocol design and optimization typically concentrate on minimizing

the buffer count for each individual label to achieve an efficient and scalable solution.

Memory Owverhead = Z(NBLi x size_of(L;)) (4.2)

VL;

Since the memory overhead can be analyzed independently for each label, we use p* to denote
the index of the writer task in the corresponding context, without additional explanation
unless otherwise noted. Accordingly, the parameters of the writer task 7,» are denoted as
(Tyw, Cpuw, Dyw, Ty, O, coreyw ), representing its period, worst-case execution time, relative

deadline, priority, preemption threshold, and assigned core, respectively.
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Single-Core Wait-Free Protocols

Different wait-free protocols use various strategies to manage these buffers, aiming to prevent
data inconsistency, where a writer overwrites a buffer that is still being read. These buffer

management strategies lead to differences in memory efficiency.

The Temporal Concurrent Control Protocol (TCCP) [23] uses a circular buffer mechanism
to manage sequential data updates. The total buffer size required by TCCP depends on the
maximum data lifetime for each label, where the data lifetime represents the period during

which a buffer remains valid for any reader task. The lifetime [, of a label L; is defined as:

I, = reading offset+ max R; (4.3)

7; reads L;

where reading offset is the interval between the completion of the writer task and the start of
the reader task’s execution. In the worst-case scenario, this offset cannot exceed the writer
task’s period T,». The response time R; of each task 7; that reads label L; is analyzed

following the discussion in Section 4.4.3.

The required number of buffers for a label L; under TCCP is determined by:

NBFer = PLW =1+ max [ﬁw : (4.4)

pr 7; reads L; pr

This approach ensures that even the longest-lived data remains valid for all reader tasks.

The Dynamic Buffering Protocol (DBP) [90] uses the worst-case number of concurrent reader
tasks that can access the same data within one writer task execution to decide the total
number of required buffers. For a given label L;, let 7" represent the writer task. DBP

distinguishes between high-priority and low-priority reader tasks by comparing the priority
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with 7,». The total number of buffers required for DBP is given by:

NBPPY =1+ 1+ {rj|m; < mpw & 75 reads L;}| (4.5)

Here, the first term ‘1’ represents the buffer used by the writer task. The second term ‘1’
accounts for the buffer for any high-priority reader task that might preempt the writer task.
The last term counts the number of low-priority reader tasks, where | - | is the size of a set.
This ensures that each low-priority task has its own buffer to prevent contention with the
writer task. It is important to note that a single task can be classified as a low-priority
reader task for one label and a high-priority reader task for another label, depending on the

priority level of the writer task 7.

Combined DBP and TCCP (CDT): Wang et al. [98] proposed an enhanced wait-free protocol,
CDT, that combines the strengths of both DBP and TCCP in a single-core setting. The
rationale behind this approach lies in the fact that the memory footprint of wait-free protocols
depends on both the response time and the priority assignment of tasks within the system. In
TCCP, reader tasks can share buffers with others, and fewer buffers are required when reader
tasks have shorter response times. However, prolonged data lifetimes can lead to unbounded
memory usage. In contrast, DBP capitalizes on the characteristic that each reader task
requires at most one buffer region at a time, assuming constrained deadline scenarios. This
constraint limits the worst-case buffer requirement based on the number of reader tasks
associated with a label, ensuring a more predictable memory footprint. CDT employs an

exhaustive search to determine an optimal splitting pattern, allowing the combined protocol

to take advantage of both DBP and TCCP.
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4.5.2 Multicore Extensions for Existing Wait-Free Protocols
Partitioned Temporal Concurrent Control Protocol (PTCCP)

While TCCP’s straightforward design is advantageous, it demands substantial memory, as
it requires buffers to be allocated based on the longest data lifetime among tasks. Though
originally developed for single-core systems, TCCP can be directly applied to multicore
environments without modifications to its protocol or analysis, provided accurate worst-case

lifetime assessments for each label are available.

Partitioned Dynamic Buffering Protocol (PDBP)

DBP achieves memory efficiency by limiting buffer usage according to task priority. However,
it is inherently limited to single-core systems due to its reliance on priority comparison. For
the extension to multicore systems, a worst-case scenario must be considered: all reader
tasks allocated to a different core from the writer task 7,» may need to read the label L;
during a single writer task execution. Therefore, the total number of buffers required for

multicore PDBP is:

NBJPPY =1+ 1+ |{rj|core; = coreyw & m; < mpw &7; reads Li}| + |{7}|core;! = core,u}|

(4.6)

In essence, PDBP distinguishes between the two subsets of reader tasks. Specifically, for
all remote reader tasks, individual buffers are allocated to each task to avoid potential
contention, requiring a number of buffers equal to the count of remote reader tasks. On the
other hand, for local reader tasks, PDBP follows the same approach as DBP. This entails
having one buffer designated for ongoing writing, another buffer for all high-priority local

reader tasks, and a separate buffer for each low-priority local reader task.
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4.5.3 Partitioned Combined-DBP-TCCP Protocol

Following the rationale of leveraging both the task response time and the priority assignment
in the design of wait-free protocols under CDT, we introduce the Partitioned Combined-DBP-
TCCP Protocol (PCDT) for multicore wait-free data communication. PCDT strategically
integrates the advantages of PDBP and PTCCP by partitioning reader tasks into two distinct
sets, with each set utilizing a specific protocol based on its execution characteristics. This
method ensures that the memory footprint does not exceed that when either a single PTCCP

or a single PDBP protocol is applied.

PCDT introduces several key optimizations that enhance its practicality in real-world em-
bedded systems, beyond merely extending the approach from Wang et al. [98] to a multicore
setting. Notably, under limited preemption scheduling, where tasks are only preempted at
specific points to reduce context-switch overhead, PCDT can intrinsically achieve greater
memory savings by leveraging the reduced variability in task execution. This characteris-
tic enables more efficient buffer usage, making PCDT particularly beneficial for memory-
constrained real-time systems. A more detailed discussion of these optimizations is provided

in Section 4.6.1.

Once the fixed priorities of all tasks are determined, the PCDT protocol begins by analyzing
the response time of all reader tasks and reordering them in a non-decreasing worst-case
response time sequence. Tasks with shorter response times can share buffers, as allowed by
TCCP, thereby reducing buffer usage. For tasks with longer response times, the number
of buffers is limited according to the number of such reader tasks. PCDT then iterates
through the ordered reader tasks to identify the optimal splitting point that maximizes

buffer efficiency.

For a single label L; and the corresponding writer task 7,», suppose all the reader tasks are
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indexed according to the non-decreasing response time order and the set of ordered tasks is
{705, Tpr---Tpr_ }. In this case, the number of readers of label L; is denoted NRy, = n. The
response time of a task 7,r is denoted as R,r, so we have Ry < Ryr < ... < Ry . The total

number of buffers needed for L; in PCDT can be found by minimizing the Eq. (4.7).

Ry
NB;°PT = min (1 + NRy,, min ((1 + [ = D - NBLP?BP({TP;H...TPZI}))) (4.7)

0<j<NRyp, Ty

As discussed earlier, the maximum number of buffers required in a constrained deadline
system is bounded by the number of reader tasks, with an additional buffer allocated
for ongoing writing. In the second minimization operator of Eq. (4.7), the first compo-
nent (1 + {Rpg /prD represents the number of buffers needed for shared buffer. Given
that tasks are ordered in non-decreasing response time, the buffers required by Tpr can be
safely shared among {Tpa, Tprs ey Tp;;} to maintain data consistency. Consequently, the term
N BLPPBP({T,,;H...sz_l}) accounts for the buffer analysis of the remaining (NRy, — 1 — j)
tasks, following the PDBP analysis in Eq. (4.6), where the worst-case number of buffers is
bounded by (NRr, — 1 — j).

PCDT guarantees data consistency through a combination of rigorous buffer allocation
strategies and optimal reader partitioning. By ensuring that each reader task accesses valid,
up-to-date data during its execution, the protocol preserves data integrity while maintaining
an efficient memory footprint. These qualities make PCDT exceptionally well-suited for mul-
ticore real-time embedded systems, where predictable memory usage and data consistency

are essential requirements.

Theorem 4.1. The data consistency for single-writer, multiple-reader communication in

constrained-deadline multicore real-time systems is guaranteed under the Partitioned Combined-
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DBP-TCCP Protocol.

Proof. We prove this by contradiction. Assume, for the sake of contradiction, that the
data consistency is violated under the proposed PCDT protocol. Consider a single-writer,
multiple-reader communication model in constrained-deadline systems, where the relative
deadline is no larger than the period. In this setup, it is not possible for a single label to
be written by two instances of the writer task simultaneously, as the single-writer constraint
ensures exclusivity. Data consistency cannot be violated if contention occurs only among

reader tasks, as they perform read-only operations and do not modify the shared data.

For data consistency to be violated, there must exist a time instance where a buffer unit
is simultaneously accessed by the writer task and at least one reader task. Without loss of
generality, let 7,» denote the writer task and 7, represent one of the reader tasks involved

in this contention.

The PCDT classifies each reader task into one of two protocols, PTCCP or PDBP, based
on the optimal solution of Eq. (4.7), which determines the appropriate protocol assignment

considering task response time and access constraints. We analyze both cases separately:
Case 1: Reader Task 1,» Uses PTCCP

Under PTCCP, tasks are not distinguished by their assigned cores, and the number of buffer
units is assigned solely based on the lifetime of the task possessing the maximum value. If
data inconsistency arises under PTCCP, 7, must read partially updated data during an
ongoing write operation, which means there is no buffer unit available (a unit is available
when no reader task is accessing it) for the writer task to store the new data. However,
the maximum number of new data that can be generated by 7,. during the lifetime of one
instance of 7,» (from the release time to the completion time) is bounded by 1+ [ Ry /Tyw],

where IR, is the response time of 7,» and T)w is the period of 7,.. Thus, no inconsistent state



CHAPTER 4. A WAIT-FREE CoMMUNICATION PROTOCOL FOR DATA CONSISTENCY IN MULTICORE
94 EMBEDDED SYSTEMS

can occur as a sufficient number of buffer units are allocated in this scenario, contradicting

the assumption.

Case 2: Reader Task 1,» Uses PDBP

Under PDBP, the buffer unit is allocated based on whether the assigned core of the reader

task (core,r) is the same as the writer task’s assigned core (core,w). Specifically:

e When core,» = core,, we consider the priorities of the tasks. If the reader task
has a higher priority m, than the writer task’s priority m,» (note that we assume
distinct priority levels across all tasks), it shares a specifically allocated buffer unit
with all high-priority (with respect to m,w) reader tasks. It is impossible for 7, to
resume execution before all high-priority reader tasks finish accessing the buffer, thus,
data inconsistency cannot occur. Conversely, if 7,» has a lower priority than 7w, it is
assigned a dedicated buffer unit exclusively to itself. Since an additional buffer unit is
always reserved for write operations under PDBP, data inconsistency cannot occur in

this scenario.

o When 7, and 7,» are assigned to different cores, where coreyn # core,, PDBP will
allocate a specific buffer unit exclusively to 7,-. Since the writer task 7,» also has a
designated buffer unit, data inconsistency will not occur as there is sufficient buffer,

and no contention arises.

Conclusion

In both cases, the sub-protocols (PTCCP and PDBP) inherently prevent overlapping be-
tween write operations and reader accesses that could result in data inconsistency, the initial
assumption that the proposed PCDT protocol violates data consistency is invalid. Therefore,

the PCDT protocol guarantees data consistency for single-writer, multiple-reader communi-
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cation in constrained-deadline multicore real-time systems.

4.6 Optimizing Memory Footprint For PCDT

The memory footprint of the proposed Partitioned Combined-DBP-TCCP Protocol (PCDT)
can be further optimized through improved task priority assignment and partitioning strate-
gies. While PCDT already integrates buffer-sharing mechanisms from PDBP and PTCCP,
adopting suitable scheduling policies can further reduce the memory footprint by minimizing

the number of required buffers while maintaining data consistency.

This section explores two key techniques to optimize memory usage in multicore wait-free
data communication systems: a) Priority assignment with preemption thresholds — limiting
preemption behavior to reduce buffer consumption; b) Task partition with wait-free protocol

insights — partitioning tasks across cores to improve buffer usage efficiency.

4.6.1 Preemption Thresholds with PCDT

In traditional fixed-priority preemptive scheduling, high-priority tasks can preempt lower-
priority tasks at any time. This leads to increased buffer usage, as multiple tasks may
simultaneously hold references to different buffers. Moreover, lower-priority tasks can expe-
rience longer worst-case response times (WCRT), which in turn extends the lifetime of a label
being occupied, increasing the overall memory footprint. To mitigate this, we adopt priority
assignment with Preemption Threshold (PT), a technique introduced by Wang et al. [103].
This approach allows tasks to delay preemption by higher-priority tasks up to a specified

priority threshold, reducing excessive interruptions while preserving system responsiveness.
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Preemption threshold scheduling is a hybrid approach where a task 7; with priority m; can
only be preempted by tasks with priorities greater than its preemption threshold 6;, where
0; > m;. Formally, a task 7; can preempt 7; only if 7; > 6,. By limiting preemptions,
PT reduces contention in shared-memory systems, improves predictability, and optimizes
WCRT. In the context of wait-free data communication, these properties allow tasks to

complete execution while holding fewer buffers, thereby reducing buffer allocation.

Integration with PCDT

In PCDT, the required buffer size NBj, for a label L; is determined by the worst-case
response times of consumer tasks (Eq.4.7). By incorporating PT, we can reduce task WCRT,

leading to a smaller memory footprint.

PT enables the formation of mutually non-preemptive task pairs and non-preemptive groups,

reducing buffer requirements:

Definition 4.2 (Mutually Non-Preemptive). Two tasks 7;, 7; are mutually non-preemptive

if core; = core; & m < 0; & m; < 0;.

Since mutually non-preemptive tasks cannot preempt each other, their executions are mu-

tually exclusive, preventing race conditions in data communication.

Definition 4.3 (Non-Preemptive Group). A non-preemptive group consists of a set of tasks

{71, T2, ...7,}, in which every pair of tasks is mutually non-preemptive.

With preemption threshold scheduling, the buffer demand of PDBP can be further opti-
mized. For readers on the same core as the writer 7,,, no extra buffers are needed for
low-priority readers that are mutually non-preemptive with the writer. For readers on differ-

ent cores, buffer requirements are reduced to the number of non-preemptive groups among
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these readers. The buffer requirement for PDBP with PT is given by:

NBLP?BP*PT =141+ [{rj|corej; = coreyw & 0; < mpw & 7 reads L;}|

+num_np_group({7;|core;! = core,w}) (4.8)

where the num_ np_group() denotes the number of non-preemptive groups in a given set of
tasks. A single task can also form its own non-preemptive group. The function’s output is

upper-bounded by the total number of tasks in the set.

Since finding the minimal number of non-preemptive groups is NP-hard (because it can be
reduced from the minimum clique covering problem [53]), we employ a greedy approximation
algorithm. Firstly, a random task is selected as the seed for a non-preemptive group. Then,
expand the group by adding mutually non-preemptive tasks until no further additions are
possible. Repeat until all tasks are assigned to a group. Other heuristic methods can also

be explored to refine group formation.

By organizing tasks into non-preemptive groups and allowing them to execute without un-
necessary interruptions, we further reduce the worst-case memory demand of PCDT. The
buffer bound for PCDT is revised to incorporate the preemption threshold, ensuring that
the worst-case buffer allocation remains minimized while preserving a wait-free execution

guarantee:

_ . By
NB;PPH = min (1 *NBL i ((1 ' [pr D FNB () >))
(4.9)
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Response Time Analysis With Preemption Threshold

The response time analysis under PT differs from the original formulation in Eq. 4.1. Regehr
[85] extended the response time analysis for PT. For partitioned scheduling, we only consider
tasks on the same core. A task 7; may experience one blocking time B; from low-priority
tasks:

B, = maX{C]|03 > m > 7'(']'} (410)
J

Then the response time analysis is carried out within the longest Level-i active period L;,

which is the fix-point solution of this:

Li=Bi+ Y [%1 C, (4.11)

Jimi 2T

Within this Level-i busy period, the number of job instances K; of task 7; is:

K= |7 (1.12)

The start time and finish time of the k" job instance of task 7; are calculated iteratively:

sik=Bi+(k=1)Ci+ Y QST—]’“J + 1) C (4.13)

i >4

le o

Thus, the final response time is the maximum among the K; job instances:

fikg = sip +Ci+ Z <V}k
J

Jimi>0;

R, = max (fix— (k—1)T;) (4.15)

kE[l,Ki]



4.6. OptiM1zING MEMORY FootpriINT For PCDT 99

Core 1 A N W B
Task 1 Write to Buffer
=2,0, =2 R——>
7T1 o ty \ L2 tq \ ts Read from Buffer

Figure 4.2: Wait-Free data communication with Preemption Threshold: Task 2 is assigned a
preemption threshold of 2, making it mutually non-preemptive with Task 1. This configura-
tion reduces unnecessary preemptions, allowing the total buffer requirement for the wait-free
protocol to be minimized from 3 to 2 with appropriate preemption threshold settings.

By leveraging preemption thresholds, PCDT achieves significant memory savings while main-
taining efficient wait-free execution. The introduction of non-preemptive groups further
tightens buffer requirements, making PT a powerful enhancement for memory optimization

in real-time multicore systems.

4.6.2 Priority Assignment with Preemption Threshold

Optimizing the preemption threshold configuration requires a careful balance between task
priority levels and preemption threshold settings to minimize unnecessary preemptions while
promoting efficient buffer sharing. An effective priority assignment can ensure that tasks
benefiting the most from preemption thresholds are appropriately prioritized, resulting in

improved memory efficiency for wait-free data communication.

This subsection first introduces the maximum preemption threshold assignment algorithm,
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which assigns the highest feasible preemption thresholds to tasks under a given priority
order while preserving schedulability. To further enhance system performance, we introduce
a priority assignment algorithm that incorporates maximum blocking time tolerance, aiming
to determine a priority order that enhances the effectiveness of preemption thresholds by

considering the ability of each task to tolerate blocking.

Maximum Preemption Threshold Assignment

One key strategy to enhance preemption threshold utilization is to assign the highest possible
preemption threshold to tasks that frequently read shared data. Since data communication is
highly intensive in real-time embedded systems, where a typical system may have thousands
of labels compared to only a few dozen tasks, assigning the maximum preemption thresholds

to the task set can prevent excessive buffer usage while maintaining system schedulability.

To achieve this, we employ the maximum preemption threshold assignment algorithm from
[103], which iteratively assigns the highest permissible preemption threshold to each task
while ensuring system schedulability. Starting from the highest-priority task, each task is
assigned the maximum preemption threshold that does not violate schedulability constraints.
Given the significantly higher number of labels compared to tasks, this strategy effectively

minimizes the worst-case memory footprint while preserving real-time guarantees.

Priority Assignment with Maximum Blocking Time Tolerance (PA-MBTT)

The effectiveness of preemption threshold assignment is closely linked to task priority assign-
ment. A poorly chosen priority order can lead to overly conservative preemption threshold
assignments, diminishing the potential benefits of this approach. To overcome this limitation,

we adopt the PA-MBTT priority assignment algorithm proposed by Zeng et al. [114, 115],
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which prioritizes tasks based on their ability to tolerate blocking.

In PA-MBTT, task priorities are assigned incrementally from the lowest level upward, se-
lecting at each step the task with the highest blocking time limit. The blocking time limit
of a task 7;, denoted as h;, represents the maximum blocking duration 7; can endure while
still meeting its deadline. Since the exact priority order of higher-priority tasks is unknown
during the assignment, a deadline monotonic (DM) order is used as an initial approxima-
tion. The algorithm from Wang and Saksena [103] is then used to determine the maximum

allowable preemption threshold for each task.

The complete procedure of PA-MBTT is summarized in Algorithm 6, where the task blocking
time limit is computed through a binary search until the desired precision is achieved. By
prioritizing tasks based on their blocking time tolerance, PA-MBTT enables higher preemp-
tion threshold assignments while preserving schedulability. This approach further reduces
unnecessary preemption and buffer requirements, enhancing the efficiency of wait-free data

communication in real-time embedded systems.

4.6.3 Task Partitioning Algorithm with Wait-Free Insights

Task partitioning plays a critical role in multicore real-time systems, directly influencing
schedulability and resource efficiency. Traditionally, task partitioning algorithms prioritize
optimizing CPU utilization across cores, often ignoring the underlying communication pat-
terns between tasks. One of the most widely used baseline approaches is Best Fit Decreasing
(BFD), which sorts tasks in descending order of utilization and assigns each task to the
core with the least remaining capacity that can still accommodate it. While BFD is sim-
ple and effective for load balancing, it does not consider resource synchronization and data

communication memory overhead, making it suboptimal in systems with intensive inter-task
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Algorithm 6 Priority Assignment with Maximum Blocking Time Tolerance (PA-MBTT)

Input: Task set 7 Output: Priority Assignment.

1: unassigned__task < T
2. for priority level p=1to |T| do
3: for task 7; in unassigned_ task do

4: assume p; = p
5: assume DM priority for unassigned_task\{r;}
6: get blocking time limit h; for 7
7 if Rz S Dz then
8: a; = Ji
9: else
10: a; = D; — R;
11: end if
12: end for
13: select 7; with the largest a; and assign p; = p
14: unassigned_task = unassigned task\{r;}
15: end for
communication.

Other existing methods, SPA [58], BPA [75] and ROP [109], fall short when applied to
systems with large-scale, label-based data communication, a fundamental characteristic of
wait-free protocols, because they are primarily designed to manage a small number of critical
resources. In contrast, modern embedded systems feature a large number of independent
data labels, each of which must be individually protected by synchronization protocols. To
address this limitation, we propose a novel task partitioning approach called the Wait-Free-
Aware Partitioning (WFAP) algorithm. WFAP is specifically designed to handle the unique
properties of wait-free data sharing, enabling efficient memory usage while maintaining sys-

tem schedulability.

WFAP builds upon the BFD framework for its core utilization efficiency but introduces a
task-affinity heuristic derived from PDBP insights. The key idea is to estimate the potential

memory savings when two tasks are allocated to the same core, which reduces the number
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of required communication buffers. While estimating memory savings under the full PCDT
protocol is challenging due to the complex interactions among task priorities and preemption
thresholds, the PDBP component allows a more tractable analysis. By examining whether
communicating tasks share the same core, we can approximate the memory cost. This
memory-aware affinity guides the partitioning decisions, favoring task-core assignments that

maximize buffer reuse and improve overall memory efficiency.

Best Fit Decreasing (BFD) Task Partitioning

In the BFD approach, tasks are sorted by decreasing utilization. Each task is placed on the
core where it "fits best”, that is the core with the least remaining capacity that can still
schedule the task without violating the utilization bound. If no core has enough remain-
ing capacity, it will request a new core for task partitioning. BFD ensures efficient load

distribution but lacks awareness of inter-task communication.

Wait-Free-Aware Partitioning (WFAP)

WFAP augments BFD by introducing a task affinity metric that quantifies the communication-
related memory benefit of assigning two tasks to the same core. Specifically, for the PDBP,
high-priority readers can share the same buffer for a label, which significantly reduces buffer
usage. To leverage this, WFAP computes the task affinity T'A(7;, 7;) between tasks 7; and
7; based on the potential buffer reduction if both tasks are allocated to the same core. The
affinity metric assumes the use of the PDBP protocol and a Deadline Monotonic (DM) pri-
ority assignment. Under DM, if D; < D;, then 7; has a higher priority than 7;, (i.e. m; > 7).
In this case, T'A(7;, 7;) is defined as the number of labels written by 7; and read by 7;. Con-

versely, if D; > D;, the T A(7;, 7;) is defined as the number of labels written by 7; and read
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by ;.

This task affinity is used in task partitioning: among all feasible cores, WFAP selects the one
with the highest affinity score relative to the task being allocated. The detailed procedure
is presented in Algorithm 7. The task set is first sorted in a non-increasing order of task
density, where the density of 7; is defined as C;/D;. For each task in that order, the Core
Affinity (CA) is computed. If a core already has tasks assigned, the CA is the average task
affinity between 7; and all tasks on that core (line 5 in Algorithm 7). If a core is currently
empty, its CA is set to an infinitely large value (line 7 in Algorithm 7) to promote establishing
strong anchor tasks early in the partitioning. This design is particularly effective in scenarios
with a large number of labels, helping to guide more communication-efficient task clustering.

Finally, 7; is assigned to the core with the highest Core Affinity.

Algorithm 7 Wait-Free-Aware Partitioning (WFAP)

Input: Task set T, total number of cores.
Output: Task core assignment.

1: sort T in non-increasing task density order
2: for task 7; in 7 do
3: for ¢ = 1 to total number of cores do

4 if exist tasks assigned to core. then

5 CA. = Average([T'A(r;, 7j)|core; = core.])
6 else

7 CA. = inf

8 end if

9 end for

10: core; + argmax(CA,)

11: end for ’

WFAP has a polynomial time complexity of O(n*m), where n is the total number of tasks and
m is the number of processor cores. By incorporating communication-aware heuristics into
the partitioning process, WFAP significantly improves memory efficiency while maintaining

real-time guarantees. This makes it particularly well-suited for systems with large-scale
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wait-free data communication.

4.6.4 Memory Footprint Optimization via Local Search

While the Wait-Free-Aware Partitioning (WFAP) algorithm offers an effective and scalable
method for task allocation in systems with large-scale wait-free communication, it does not
always guarantee schedulability, particularly under tight timing constraints. In some cases,
the partitioning produced by WFAP may lead to task sets that fail the schedulability analysis

due to uneven load distribution or unfavorable preemption interactions.

To further enhance memory efficiency and schedulability, we introduce a local search-based
optimization technique that refines the initial WFAP solution through iterative improve-
ments, which is referred to as WFAP+. The key idea is to explore neighboring task alloca-
tions by making small changes, either reassigning a single task to a different core (referred
to as a 1-move) or swapping the cores of two tasks (2-move). These moves aim to discover
alternative partitioning that reduces overall buffer usage while satisfying task set schedula-

bility.

The local search procedure operates as follows:

o Initialization: Start with the task partitioning generated by WFAP.

o Evaluation: Compute the total buffer requirement for the current allocation.

o Neighbor Exploration: Perform a 1-move by reassigning a task to a different core and
check whether it improves the memory footprint without violating schedulability. Per-
form a 2-move by swapping two tasks between their respective cores and re-evaluating

the system.
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o Acceptance: If a move results in a lower buffer requirement and maintains task schedu-

lability, accept the new allocation as the current best and repeat the local search.

o Termination: The process terminates when no further improvement is found or when

a predefined time budget or iteration limit is reached.

This approach enables flexible refinement of task partitioning and adapts well to systems
where a large time budget is available for offline optimization. Since the memory usage in
wait-free systems is highly sensitive to task placement due to buffer-sharing opportunities,
even minor changes can lead to significant improvements in overall resource utilization. Ex-
perimental results demonstrate that local search can substantially enhance the performance

of WFAP, especially in dense systems with a large number of tasks and shared labels.

4.7 Deployment of PCDT

The design and deployment of wait-free protocols involve two primary components: inte-
grating the software application code with specific APIs and adjusting the operating system
(OS) to provide the necessary support. Modifications to the software typically occur within
the application code, while OS changes may take place within the middleware runtime (e.g.,
AUTOSAR [36]) or the kernel/module of a Real-Time Operating System (RTOS), such as
ThreadX [31].

The following assumptions are made about the system before it starts: 1) The total number
of data communication labels and their unique indices are known. 2) For each label, the

data size, writer task, and reader tasks are predetermined.
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4.7.1 Software Application API

The modifications to software applications are minimal. Instead of directly accessing the
shared data (memory), wrapper functions will be used to read and write to different labels.
The applications do not need to differentiate between specific buffers for reading or writing.

The typical read and write operations are outlined in Algorithm 8.

Algorithm 8 Software Application Routines

1: // Reading operations
2: reading_data_pointer < readFromLabel(label id, task id);
3: Read data from *reading data pointer

Non-communication-related calculations

4: // Writing operations
5: Prepare and populate writing data into *writing data_ pointer
6: writeToLabel(label id, task_id, writing data__pointer);

7. // Cleaning

8: readingComplete(label id, task id); > Could be invoked early if no more reading is
needed

9: free writing data_pointer;

4.7.2 Operating System Level Support

The Operating System (OS) is responsible for initializing, allocating, and managing multi-
ple valid data buffers associated with a single data communication label. All the buffers
needed for the PCDT wait-free protocols should be statically allocated. Upon receiving a
new reading or writing request, the OS selects the appropriate buffer block to be utilized for
the current operation and directs the tasks to proceed accordingly. Typically, each commu-
nication label is processed independently and occupies a preassigned memory region specific

to the current label.
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The following discussion will be presented from the perspective of a single label. Applying
these implementations to the entire set of labels will suffice for the system as a whole.
Different labels may request varying data sizes in memory, we use “buffer” to refer to the

exact memory size required for one copy of the data of the communication label.

Atomic Get and Set

Although the lock mechanisms are avoided in the wait-free protocols, the atomic instructions
remain essential for synchronization across multiple threads and cores. To facilitate this,
we introduce two utility functions, Algorithm 9 and 10, for atomic get and set (update)
operations using the Compare and Swap (CAS) instruction. CAS, also known as Compare
and Set (CAS), is widely supported by hardware instruction sets. It will succeed if the first
two input arguments are equivalent, in which case it updates the first argument with the

value of the third argument.

Algorithm 9 atomicGet(data_type *p_ target)

Input: p_target the pointer to the target data  OQutput: The actual data

1: while True do

2 data < *p__target

3: if CAS(data, *p__target, *p_target) == success then
4 break

5 end if

6: end while

7: return data

PCDT Related APIs

Even though the theoretical analysis is complicated, the implementation of PCDT could be

simplified. Equation (4.9) provides a tight yet still safe bound on the number of buffers
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Algorithm 10 atomicSet(data_type *p_target, data_type *p_ data)

Input: p_target the pointer to the target, p_data the pointer to the desired updated
value  Output: Status flag

1: while True do

2 current < *p__target

3: if CAS(*p_ target, current, *p_data) == success then
4 break

5 end if

6: end while

7: return 0

needed by analyzing the worst-case scenario. In practice, the allocated buffers are not
necessarily to be explicitly categorized into shared buffers or specific buffers designated
for a reader task. Instead, the buffer region will be shared among all reader tasks. The

pseudocodes of all APIs are provided in Algorithm 11 to Algorithm 14.

Algorithm 11, initBuffer(): For each label L;, calculate the maximum number of re-
quired buffers N B} “PT. Then allocate a buffer array with a size NB} P for label L;,

where each entry will have a size equal to the data size of label L;.
o Algorithm 12, writeToLabel(): Update the data of a specific label.
+ Algorithm 13, readFromLabel(): Read the latest data value of a specific label.

o Algorithm 14 readingComplete(): Release the occupied buffer by a reader task.

The overhead of the wrapper functions is minimal, typically less than O (N BLPZ,CDT*PT*PT). It
is possible to further optimize by explicitly distinguishing between shared-buffer and specific-
buffer tasks, which could reduce the overhead for processing shared-buffer tasks. However,

this approach complicates the code structure, as the writer may need to write to two data
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Algorithm 11 PCDT initBuffer()

1
2
3:
4:
5
6
7

8
9

Output: Status flag

. for each label L; do

: Calculate N BLPl_CDT*PT following Eq. (4.9)

Get the number of readers N Ry,

Declare data[NBﬂ_CDT—PT/, latest_idz and readers/N Ry, ]

BZCD T-PT] with initial value

Allocate memory and initialize data/N
latest idx <+ O

. readers[*] «<— N BE?DT*PT

: end for

: return 0

Algorithm 12 PCDT writeToLabel

I S e T s S = S Gy S S G

Input: label id, task_id, writing data_pointer
Output: Status flag

Cet latest_idx, NB,“P"-"T and NRy, for the current label label id

Declare in__ use[N BLPZ_CDT*PT + 1] and initialize all entries with False
in__use[latest_idz] + True
for ¢ in [0, NR,, — 1] do
in__usefatomicGet(Ereadersfi])] = True
end for
current _idr < —1
for i in [0, NB; """ —1] do
if in_ usefi] is False then
current _idr <1
break
end if
: end for
. if current _idx < 0 or current idx > NBLPZ_CDT*PT then
return —1 > Protocol fails. Need to check the timing analysis
. end if
datafcurrent_idz] < *writing_data__pointer > Writing data
. atomicSet(&latest_idz, Ecurrent_idc);
: return 0
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Algorithm 13 PCDT readFromLabel

Input: label id, task id Output: Data pointer

local_task_id < mapping(task_id) > Map the task id into the local index of readers/]
reading_idr = atomicGet(&latest idx)

atomicSet(&readers|[local__task_id], éreading idr)

return &datafreading idz/

Algorithm 14 PCDT readingComplete

Input: label id, task _id Output: Status flag

1: local_task_id < mapping(task_id) > Map the task_id into the local index of readers/]
2: return atomicSet(&readers[local_task _id], &N BLPZ_CDT—PT)

buffers for each update (one for shared-buffer tasks and another for specific-buffer tasks),

which could increase overall system overhead.

PCDT also requires additional memory to store the indexes of readers’ buffers. Nonetheless,
this extra memory is minimal compared to the data memory, as basic types suffice for
indexing. Additionally, techniques such as using bit-sized storage for necessary data can

further reduce memory usage.

4.8 Evaluation and Results

To evaluate the effectiveness, scalability, and practical applicability of the proposed PCDT
protocol and associated optimization techniques, we present both a real-world case study and
a comprehensive set of simulation experiments. The case study demonstrates the protocol’s
deployment in a production Advanced Driver-Assistance System (ADAS), highlighting its
memory efficiency in a realistic industrial setting. The simulation experiments provide a

broader evaluation across synthetic system configurations, examining the comparative per-
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formance of different wait-free communication protocols and optimization strategies under

varying task and communication loads.

4.8.1 Case Study: Advanced Driver Assistant System (ADAS)

Application

We analyzed a data communication pattern from a production Advanced Driver-Assistance
System (ADAS) from General Motors. Proprietary names were removed, but the number of
software components (SWCs), their periods, and the full label-access matrix were retained.
The application executes on two cores (Core A and Core B) and comprises sixteen periodic
tasks, eight per core after partitioning. Tasks contain between 2 and 88 SWCs. Communi-
cation is highly intensive: 2,130 distinct one-byte labels are exchanged, of which 2,084 are
strictly intra-core, while only 46 are cross-core labels, reflecting the industrial preference to
avoid inter-core communication. Each label has between 1 and 14 readers. All tasks follow
fixed-priority preemptive scheduling with preemption thresholds, and implicit deadlines are

assumed. The period and SWC count for each task are summarized in Table 4.1.

Table 4.1: Task Distribution and Software Component Count in Dual-Core ADAS Vehicle
MCU System

Core A | Period (ms) | SWC Count | Core B | Period (ms) | SWC Count
To 5) 2 T8 5) 14
m 10 4 To 10 11
T2 25 6 T10 25 13
T3 50 12 T11 50 34
T4 100 20 Ti2 100 o8
Ts 250 21 Ti3 250 88
Té 200 18 Ti4 500 48
7 1000 11 Ti5 1000 28
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Experimental Evaluation

To assess the memory behavior of the wait-free protocols under different computational
loads, we scale a unit WCET: the execution time of each task is obtained by multiplying
this unit by the number of SWCs it contains, so increasing the unit value raises global uti-
lization while keeping task periods unchanged. We compare the three wait-free protocols
available for partitioned systems: Partitioned Dynamic Buffering Protocol (PDBP), Parti-
tioned Temporal Concurrent Control Protocol (PTCCP), and Partitioned Combined DBP
and TCCP Protocol (PCDT). In addition, we evaluate the proposed Priority Assignment
strategy with Maximum Blocking Time Tolerance (PA-MBTT) and the task partitioning
algorithm WAFP+ in conjunction with the PCDT protocol. For each utilization level, we
carry out response-time analysis (RTA) on each core and count the buffers required by all
2,130 labels, because each label is one byte, this number is directly proportional to SRAM

usage.

Figure 4.3 illustrates the average memory footprint against the total system utilization. As
expected, all three wait-free protocols allocate more buffers as utilization increases, yet their
trends differ markedly. PTCCP shows the steepest growth, followed by PDBP. In con-
trast, PCDT remains lowest across the schedulable range and, at 90% utilization, requires
about 12.5% less memory than PDBP. Even when utilization approaches the feasibility limit
(116.5%), PCDT keeps memory usage well controlled, demonstrating that the PCDT proto-
col scales gracefully with load and is therefore well suited to resource-constrained real-time
embedded platforms. When the Priority Assignment with Maximum Blocking Time Toler-
ance (PA-MBTT) strategy is applied along with the preemption threshold policy, memory
usage is further reduced, achieving more than 43.43% savings compared to the PDBP pro-
tocol. Moreover, the Wait-Free-Aware Partitioning (WAFP+) not only improves memory

efficiency but also extends the feasible utilization range. This indicates its potential to better
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leverage limited computing resources and accommodate a larger number of tasks.
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Figure 4.3: Average memory footprint under increasing system utilization in the case study.
The system consists of two cores, with a theoretical maximum utilization of 200%. Some
curves terminate when the system utilization reaches 116.5% as the system becomes un-
schedulable with original task partitioning, where Core B reaches 92.3% utilization. When
the proposed Wait-Free-Aware Partitioning (WAFP+) algorithm is applied, the system’s
feasible utilization range is significantly extended while preserving a stable memory usage
trend.

Prototype Evaluation on STM32H747I-DISCO

To verify that PCDT’s benefits transfer from analysis to real hardware, we implemented
the protocol on an STM32H747I-DISCO board running ThreadX [31]. The device features a
Cortex-M7 and a Cortex-M4 in an asynchronous multi-processing configuration, each core ex-
ecutes its own fixed-priority schedule, and ThreadX natively provides preemption-threshold

support. All inter-core communication is performed through PCDT wait-free buffers.

Memory Footprint: The PCDT runtime support was derived from the algorithm presented in
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Figure 4.4: Experimental evaluation of PCDT on the STM32H7471-DISCO prototype plat-
form. (a) Breakdown of measured memory consumption under varying communication loads,
showing consistency between practical and theoretical memory usage. (b) Cycle-level profil-
ing of PCDT read/write operations on the Cortex-M7 core, demonstrating moderate write
overhead due to buffer scanning. (¢) PTCCP profiling for comparison, showing a slightly
faster write path using circular buffering, while maintaining similar read timing.
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Section 4.7, requiring only minimal modifications to the application-level tasks. To evaluate
the protocol’s memory behavior, we varied the data communication load by adjusting the
number of active data labels, rather than scaling task utilization. The resulting memory

usage was profiled on the STM32H747I-DISCO board and is illustrated in Fig. 4.4a, which

reports four categories of memory overhead.

The Measured Total Memory reflects the overall memory consumed by PCDT’s wait-free
communication, including all metadata and buffers. The Measured Data Memory isolates
the portion specifically allocated to store communication payloads. The Measured Auxiliary
Memory Overhead accounts for metadata such as per-reader buffer indices and protocol-
related control variables. Finally, the Theoretical Minimum Memory represents the ideal
memory requirement derived from the analytical model, assuming perfect packing without

alignment constraints.

As expected, due to word alignment and padding requirements imposed by the underlying
memory management, the measured memory footprint exceeds the theoretical minimum.
However, all measured metrics scale linearly with the theoretical values, showing a tight
proportional relationship. This confirms the practicality of applying PCDT in real embedded
systems: the memory savings demonstrated analytically are preserved on actual hardware,

enabling predictable and efficient deployment in memory-constrained platforms.

Runtime Timing Overhead: We also evaluated the runtime timing overhead introduced
specifically by the wait-free communication protocol. In such protocols, multi-buffering
mechanisms require each read and write operation to locate the appropriate buffer in-
stance, introducing additional computational overhead as reflected in Algorithm 12 and

Algorithm 13.

The execution times of read and write operations were measured on the STM32H747I-DISCO
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board using the trace tool TraceX that comes with the ThreadX family. For each protocol,
200 sampling points were collected to profile both data reading and writing. The results are
presented in Fig.4.4b for PCDT and in Fig.4.4c for PTCCP. The performance of PDBP is

skipped, as it shares a similar runtime profile with PCDT.

As expected, data read operations exhibit consistent timing across all wait-free protocols.
These operations primarily involve referencing the most recently updated buffer, which incurs
minimal cost. On the 400 MHz Cortex-MT7 core, the data read latency ranged from 308 to 348
CPU cycles, corresponding to a worst-case execution time of less than 0.87 us, a negligible

portion of the shortest task WCET in our benchmarks.

In contrast, data write operations vary across protocols. PCDT (and similarly PDBP) must
search through the buffer pool to identify an available, unoccupied buffer, while PTCCP
employs a circular buffer, enabling faster identification of the next write slot. As a result,
PCDT incurs approximately 6.9% more CPU cycles during writes compared to PTCCP.
However, as shown in Fig. 4.3, this modest increase in timing overhead is justified by sub-

stantial memory savings.

Overall, this prototype demonstrates that PCDT can be deployed on a commercially avail-
able platform with minimal integration effort. It introduces only minor, predictable timing
overhead and preserves the memory efficiency observed in simulation. PCDT is also compat-
ible with synchronous multi-processing systems, making it broadly applicable. These results
confirm that the benefits predicted by analytical models and simulation carry over reliably

to real-world embedded platforms.
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4.8.2 Simulation Experiments

To further validate the memory efficiency and scalability of the proposed PCDT protocol, we
conduct a comprehensive set of simulation experiments. These experiments are divided into
two parts: The first part compares memory footprints across three wait-free communication
protocols, PDBP, PTCCP, and PCDT, under varying system loads. The second part focuses
on memory optimization within the PCDT framework by evaluating the impact of different

priority assignment and task partitioning strategies.

Cross-Protocol Comparison under Varying Loads

Ezperimental Setup: We simulate a multicore real-time system based on an industry-standard
benchmark [57]. In each experiment, a set of tasks communicates via shared data labels
across cores, using one of the three wait-free protocols. All protocols are evaluated under
fixed Deadline Monotonic (DM) scheduling. A task set is considered schedulable if the
calculated response-time meets the deadline for all tasks; otherwise, the system falls back
to the protocol’s upper bound memory cost, which is n + 1 buffers per label, where n is the

number of readers.

For each configuration, we generate 1,000 random task sets, each containing between 5 and
50 tasks. The total system utilization is uniformly sampled from the range [50% *xm, 90% xm]
where m is the number of cores. Individual task utilizations are generated using the UUniFast
algorithm [14], and tasks are then randomly partitioned across the cores. The number of
communication labels varies from 100 to 2,000, and the number of cores ranges from 2 to
8. Each label is randomly assigned between 2 and 5 reader tasks. The size of each label

is randomly selected from {1, 2, 4, 8, 16, 32, 64, 128} bytes, based on the benchmark
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distribution, with corresponding probabilities {34%, 48%, 13%, 1%, 1%, 1%, 1%, 1%} [57].

This experimental design ensures a comprehensive evaluation of protocol memory efficiency

across a wide range of computational and communication loads.
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Figure 4.5: Experimental evaluation on different data communication loads and scheduling

policies.

Results: Fig. 4.5a shows the average memory footprint as the number of labels increases in a

2-core system. As expected, more labels induce more inter-task communication, increasing

buffer requirements. Among all tested protocols, PCDT consistently exhibits the lowest
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memory footprint. In high-label scenarios, PCDT reduces memory usage by 36.76% to
37.57% compared to PDBP.

Similarly, Fig. 4.5b evaluates the impact of the number of cores on memory consumption with
1,000 communication labels. As the number of cores increases, the frequency of cross-core
communication rises, which amplifies memory usage for all protocols. However, PCDT again
outperforms the others, showing 36.01% to 38.22% lower memory usage than its counterparts.

These results confirm PCDT’s superior scalability for large-scale, high-load systems.

Memory Optimization with PCDT under Priority Assignment and Partitioning

Policies

FExperimental Focus: In this part, we focus exclusively on PCDT and investigate how schedul-
ing and partitioning strategies affect memory usage. The goal is to explore memory optimiza-
tion opportunities when more intelligent scheduling policies and task allocation algorithms

are applied.

Impact of Scheduling Policies: We evaluate PCDT memory consumption under different
priority assignment strategies: the baseline Deadline Monotonic (DM), our proposed PA-
MBTT (Priority Assignment with Maximum Blocking Time Tolerance), and their respective

variants with preemption threshold (PT) support.

Fig. 4.5¢c compares these policies while sweeping per-core utilization. While PA-MBT'T alone
does not always outperform DM in isolation, both PA-MBTT and DM benefit significantly
when combined with the assignment of maximum preemption thresholds. In particular, PA-
MBTT with Maximum PT consistently achieves the best memory efficiency, reducing the

number of required buffers without sacrificing schedulability.
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Figure 4.6: Impact of task partitioning policies on system performance.
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Impact of Task Partitioning Policies: Next, we fix the scheduling policy to PA-MBTT
with maximum preemption thresholds and explore the impact of different task partitioning
methods. We compare the baseline Best-Fit Decreasing (BFD) approach to our proposed
Wait-Free-Aware Partitioning (WFAP), along with their respective local search enhance-

ments (BFD+ and WFAP+).

As shown in Fig. 4.6a, WFAP consistently provides better memory efficiency than BFD,
especially under constrained timing budgets such as those in online or dynamic load scenarios.
Specifically, WFAP achieves memory savings in the range of 0.0% to 52.52% compared to
BFD, with an average saving of 30.72%. When additional computation time is available,
WFAP+ further improves the quality of task partitioning. It reduces memory footprint more
substantially and increases the schedulability ratio of the system, achieving memory savings

of from 22.21% to 70.62% compared to BFD, with an average saving of 53.67%.

Fig. 4.6 quantifies the trade-off between memory efficiency and runtime. These results
demonstrate that WFAP is highly effective for real-time adaptation due to its balance be-
tween performance and computational cost, while WFAP+ is more appropriate for offline or

static system planning where time constraints are relaxed.

This set of experiments confirms that PCDT, when paired with effective scheduling and
partitioning heuristics, can further reduce memory demands and improve system schedula-
bility. The combined use of PA-MBT'T, preemption thresholds, and WAFP+ offers a highly

scalable and memory-efficient framework for real-time embedded systems.
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4.9 Conclusion

This chapter introduced the Partitioned Combined-DBP-TCCP (PCDT) protocol, a novel
wait-free communication strategy designed to ensure data consistency and eliminate com-
munication blocking in multicore real-time embedded systems. Tailored for high-integrity
applications such as ADAS, PCDT enables selective adoption of PDBP or PTCCP seman-
tics for each data consumer, providing flexibility to optimize memory usage and timing

guarantees based on individual task requirements.

Beyond protocol design, we proposed a set of system-level memory optimization techniques
that significantly reduce the overall communication memory footprint. Our priority as-
signment scheme, PA-MBTT, in combination with preemption threshold scheduling, im-
proves memory efficiency over traditional scheduling approaches. Additionally, our Wait-
Free-Aware Partitioning (WFAP) and its local search variant (WFAP+) offer scalable and
memory-conscious task-to-core mapping solutions, demonstrating significant savings even
under high communication loads. Extensive simulation and case study evaluations con-
firmed the advantages of PCDT and the proposed optimizations, achieving an average of

53.67% memory reduction compared to existing solutions.

Future work will explore hybrid memory management strategies that combine lock-based
and wait-free mechanisms and develop adaptive scheduling and partitioning frameworks that

respond to dynamic workloads in real-time embedded environments.
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Conclusion

This dissertation presents a comprehensive multi-layer framework aimed at improving the
efficiency, safety, and predictability of autonomous vehicle (AV) systems. By addressing
the challenges at the system, application, and low-level communication layers, this work
contributes to the design of real-time embedded solutions that are both computationally

efficient and practically deployable.

5.1 Summary of Contributions

5.1.1 System Layer: Intelligent Intersection Management

The system-level component introduces a dynamic scheduling framework for unsignalized
intersections, enabling safe and efficient vehicle coordination without traffic signals. Central
to this framework is the Extended Conflict Directed Graph (ECDG) model, which captures
not only temporal and spatial conflicts among Connected and Automated Vehicles (CAVs)
but also incorporates flexible departure lane assignments. This novel representation enables a
dynamic scheduling strategy that assigns departure lanes and time windows jointly, reducing

the need for prior lane changes and thus minimizing collision risks and route constraints.

The breadth-first search-based scheduling algorithm improves intersection evacuation time

by up to 16.3% and boosts overall traffic efficiency by 27.7% compared to prior state-of-the-
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art approaches. These results validate the model’s scalability and potential for real-world

deployment in urban traffic environments.

5.1.2 Application Layer: Real-Time DAG Scheduling with Non-

Preemptive Execution

At the application level, the focus shifts to the computational scheduling of DAG-based
real-time tasks. The non-preemptive execution model is highly desirable for AV safety-
critical systems but introduces complexity due to non-convex timing constraints. This work
introduces a novel 1-opt-based optimization approach that partitions the solution space into

convex regions and iteratively solves subproblems using linear programming.

The proposed scheduler guarantees convergence to a 1-opt solution, balancing optimization
performance and computational tractability. Experiments demonstrate latency reductions
ranging from 20% to 40% compared to traditional heuristic and metaheuristic approaches,
with superior scalability for large task sets. This result is especially relevant for emerging

AV workloads in perception, sensor fusion, and decision-making.

5.1.3 Middleware Layer: Wait-Free Communication for Multicore

Systems

At the middleware layer, this work addresses efficient and predictable inter-core communi-
cation on multicore embedded processors. Existing synchronization protocols based on locks
introduce blocking and priority inversion, both detrimental to real-time guarantees. This
dissertation introduces the Partitioned Combined-DBP-TCCP (PCDT) protocol, a hybrid

wait-free strategy that adapts to each reader’s timing requirements by selectively combining
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the strengths of the Dynamic Buffering Protocol (DBP) and Temporal Concurrency Control
Protocol (TCCP).

To reduce memory usage, the protocol is supported by a set of system-level techniques: (1)
PA-MBTT for priority assignment with preemption thresholds, and (2) WFAP+ for wait-
free-aware task-to-core partitioning. Together, these approaches lead to an average of 53.7%
memory savings over baseline approaches in simulation, and a 43% reduction in a real-world

automotive case study, without compromising schedulability.

5.2 Implications and Broader Impact

Collectively, the three layers demonstrate a unified approach to building dependable, resource-
aware, and timing-predictable AV systems. From high-level traffic coordination to low-level
inter-core communication, each layer tackles a critical bottleneck in current AV architecture

design.

o The system-level contributions enable AVs to safely operate in fully autonomous in-

tersection environments, contributing to the vision of signal-free smart cities.

o The application-level scheduler provides a systematic method for balancing latency

and safety in increasingly complex AV software pipelines.

e The middleware-layer protocol and memory optimization strategies ensure these sys-
tems can be realized on realistic embedded platforms without excessive resource re-

quirements.

By enabling these innovations, the proposed framework makes autonomous systems more

robust, responsive, and scalable.
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5.3 Future Directions

This work opens several promising avenues for future research that can extend and enhance
the multi-layer framework proposed in this dissertation. At the system level, future ef-
forts may focus on adaptive intersection management by incorporating pedestrian behavior,
heterogeneous traffic involving both autonomous and human-driven vehicles, and real-time
traffic learning techniques to further improve safety and efficiency in complex urban scenar-

108.

At the application and communication layers, there are opportunities to extend the 1-opt
scheduling framework to support preemptive execution models and optimize across multiple
conflicting objectives such as latency, energy, and throughput. Additionally, hybrid commu-
nication schemes that integrate wait-free and lock-based mechanisms could be explored to
dynamically balance memory usage and timing predictability under variable workloads. Ad-
vancing these directions will contribute to the development of fully autonomous, real-time,

and resilient cyber-physical mobility systems suitable for deployment at scale.
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