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Preface

Connected vehicle (CV) technology is expected to revolutionize future transportation
systems by enabling real-time information exchange and content delivery through
vehicular networks. By leveraging vehicle-to-everything (V2X) communication, a
broad set of safety-critical and efficiency-oriented applications, such as cooper-
ative perception, coordinated driving, remote operation, and content distribution,
can be enabled to expand situational awareness, reduce response time, and smooth
traffic flow. To support these advancements, vehicular networks must meet strin-
gent requirements for global connectivity, low latency, and high reliability. Terres-
trial networks, constrained by fixed infrastructure layouts, often struggle to maintain
consistent network service across remote areas, rural regions, and during emergen-
cies. Satellite-terrestrial vehicular networks (STVNs), which integrate low Earth orbit
satellites to supplement terrestrial infrastructure, offer a heterogeneous architecture
that provides resilient and ubiquitous connectivity. However, in STVNS, different
terrestrial deployment strategies and satellite constellation designs lead to varying
network availability, while inherent satellite mobility results in dynamic satellite
coverage and visibility windows for CVs. These heterogeneities pose significant
challenges in ensuring continuous and reliable network service in STVNs. Further-
more, in STVNSs, diverse applications rely on multidimensional resources across
communication, computing, and caching from both satellite and terrestrial networks,
each exhibiting distinct constraints and time-varying availability. The spatiotemporal
demand fluctuations driven by CV mobility further complicate the coordination of
heterogeneous networks and the orchestration of multidimensional resources. As
a result, effective network design and efficient resource management are essential
for STVNS to operate reliably under the highly dynamic network environment and
diversified service requirements.

In this monograph, we investigate resource management in STVNs, aiming to
provide reliable network services for CVs and enable low-complexity and intel-
ligent resource management. Chapter 1 provides an overview of STVN concepts,
the slicing-based two-stage resource management framework, key technical chal-
lenges, and the objective of this monograph. Chapter 2 investigates state-of-the-
art research work, including performance modeling and scheme design for STVN
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resource management at both reservation and operation stages. Chapter 3 develops
theoretical communication models to characterize STVN performance under various
satellite constellation configurations and terrestrial deployment strategies. The anal-
ysis evaluates key performance metrics, including service availability, outage prob-
ability, and throughput, revealing the joint impact of satellite mobility and terrestrial
layout on network reliability and coverage. These results provide the analytical foun-
dation for the design of resource management schemes in STVNs. Then, Chaps. 4
and 5 investigate resource management schemes for STVNs under a slicing-based
two-stage framework. Specifically, Chap. 4 focuses on the reservation stage, studying
HD map distribution in STVNs and proposing an adaptive resource slicing scheme
to guarantee service-level agreements by coordinating time-varying satellite and
terrestrial resources. Chapter 5 focuses on the operation stage, addressing coopera-
tive environment sensing in STVNs and developing a real-time resource scheduling
scheme under different connectivity patterns to cope with dynamic network condi-
tions and varying service demands. Finally, Chap. 6 concludes the monograph and
discusses potential future research directions. This monograph presents a system-
atic principle that provides a unified theoretical and practical framework for STVN
design. This principle’s primary value lies in its ability to: (1) boost efficiency by opti-
mizing the use of multidimensional network resources; (2) maximize performance
by fully leveraging the complementary strengths of satellite and terrestrial networks
in vehicular environments; and (3) lay the groundwork for building resilient, scal-
able, and adaptive vehicular communication systems. By providing these essential
design guidelines and analytical tools, this monograph greatly contributes to the
evolution of intelligent transportation and inspires future innovations in integrated
satellite-terrestrial systems.

We would like to thank Prof. Weihua Zhuang, Dr. Conghao Zhou, and Dr. Shisheng
Hu from the Broadband Communications Research (BBCR) group at the University
of Waterloo, for their valuable suggestions and help to this monograph. We would
also like to thank all the members of the BBCR group for their support. Special thanks
to the staff at Springer Nature, particularly Susan Lagerstrom-Fife and Reeshma K.
P, for their invaluable help throughout the publication preparation process.
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Chapter 1 ®)
Introduction Check for

Abstract Connected vehicles (CVs) are becoming a key component of intelligent
transportation systems, enabling information exchange among vehicles, infrastruc-
ture, and surrounding environments to support diverse vehicular applications, such as
cooperative perception, trajectory planning, and autonomous driving. These safety-
critical and efficiency-oriented applications require vehicular networks with ubiqui-
tous connectivity, low transmission latency, and high reliability. However, terrestrial
vehicular networks are constrained by infrastructure deployment and geographic
conditions, especially in remote or rural areas and emergency scenarios, leading
to coverage gaps and unstable service. By integrating low Earth orbit (LEO) satel-
lites with terrestrial infrastructures, satellite-terrestrial vehicular networks (STVNs)
emerge as a promising architecture. Benefiting from global coverage, relatively low
propagation latency, and dense constellation deployment, LEO satellites complement
terrestrial networks to enable reliable, flexible, and ubiquitous service provisioning.
This chapter first provides an overview of vehicular networks, representative applica-
tion scenarios, and the architectural evolution from conventional terrestrial vehicular
networks to STVNs. Then, a slicing-based two-stage resource management frame-
work is presented, where large-timescale resource reservation and real-time resource
orchestration design can effectively reduce decision complexity while preserving
responsiveness to dynamic network conditions. Meanwhile, the key challenges for
STVN resource management arising from satellite mobility, heterogeneous connec-
tivity, and spatiotemporal service dynamics are discussed. Finally, the scope and
organization of this monograph are outlined.

Keywords Resource management - Satellite-terrestrial vehicular networks -
Connected vehicles - Vehicle-to-everything communications
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2 1 Introduction
1.1 Overview of Satellite-Terrestrial Vehicular Networks

1.1.1 Connected Vehicle Applications and Service
Requirements

As the number and density of vehicles continue to increase worldwide, transportation
systems are facing three major challenges: traffic safety, congestion, and environ-
mental impact. According to the U.S. National Highway Traffic Safety Adminis-
tration (NHTSA), about 94% of traffic accidents are caused by human operational
errors [1], and road traffic crashes result in approximately 1.19 million deaths annu-
ally worldwide [2]. Meanwhile, traffic congestion significantly prolongs commuting
time, especially during rush hours, where drivers can experience dozens of hours
of congestion each year. Inefficient transportation also leads to excessive fuel con-
sumption and increased carbon emissions, which degrade air quality.

Driven by advances in sensing technologies, artificial intelligence (AI), and
onboard computing platforms, modern vehicles are becoming increasingly intel-
ligent. Specifically, vehicles can perceive surrounding environments using cameras,
radar, and LiDAR sensors, and make driving decisions through embedded process-
ing units. These capabilities enable vehicles to have faster reactions than human
drivers and introduce the potential to substantially improve transportation safety and
efficiency [3]. However, relying solely on single-vehicle intelligence has inherent
limitations. The perception range of onboard sensors is restricted by line-of-sight
conditions and extreme environments such as occlusion, heavy rain, snow, or fog.
Moreover, decisions based solely on local observations cannot capture large-scale
traffic dynamics, leading to suboptimal behaviors and inefficient coordination among
vehicles. Therefore, relying only on standalone vehicle intelligence may struggle to
accurately obtain surrounding information, compromising safety and reliability.

With the digitalization of transportation systems, vehicles are evolving from iso-
lated transportation entities into networked information nodes to overcome the lim-
itations of standalone perception and decision-making. Specifically, vehicles are
able to continuously receive and exchange sensing information and driving inten-
tions with surrounding vehicles and infrastructures through wireless communica-
tions. By enabling such interactions among vehicles and infrastructures, a com-
munication network is formed on the road, referred to as a vehicular network. In
this context, vehicles are transformed from standalone entities into connected vehi-
cles (CVs). Through vehicle-to-everything (V2X) interactions, including vehicle-to-
vehicle (V2V), vehicle-to-infrastructure (V2I), and vehicle-to-network (V2N) com-
munications, CVs obtain information beyond onboard perception and cooperate with
other traffic participants in vehicular networks [4, 5]. By combining local sensing
with shared information, CVs enhance decision-making reliability and enable coordi-
nated operations across the transportation system [6]. Accordingly, CVs can access
diverse external information and leverage it to support a wide range of applica-
tions supporting safety-critical, efficiency-oriented, and infotainment services. Typ-
ical applications are summarized as follows [7]:
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Internet
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Fig. 1.1 An overview of connected vehicle applications

1. Cooperative driving signaling: CVs can exchange driving intentions and opera-
tion states with surrounding vehicles and infrastructures based on locally sensed
and received information, shown as Case 1 in Fig. 1.1. Such signaling enables
cooperative maneuvers, e.g., lane changing, merging, and platooning, to optimize
trajectories and reduce traffic disturbances. In emergency situations, such as sud-
den braking, warning messages can be rapidly disseminated to nearby vehicles,
improving reaction timeliness and enhancing safety.

2. Road safety warning: Real-time safety-related warnings are of the utmost impor-
tance for connected vehicles to ensure driving safety, including collision warnings
and road hazard alerts, such as signals, accidents, or roadwork, which are crit-
ical for preventing accidents. Through V2X communications, CVs can receive
and disseminate warning messages, enabling early risk detection and appropriate
maneuver decisions, shown as Case 2 in Fig. 1.1.

3. Traffic efficiency information: To improve traffic flow efficiency, vehicles
require dynamic environment information, including surrounding vehicle loca-
tions, traffic states, and road conditions. While onboard sensors provide local
perception, infrastructure-assisted sensing can extend the observation range and
mitigate sensing blind spots, shown as Case 3 in Fig. 1.1. By continuously receiv-
ing such information, CVs can perform trajectory planning and navigation updates
to avoid congestion and improve overall transportation efficiency.

4. Infotainment and data services: CVs can also obtain multimedia and data
services, including high-definition (HD) maps, location-based services, and in-
vehicle entertainment, by downloading from infrastructures to better support driv-
ing efficiency and provide a comfortable and convenient travel experience for
passengers. Specifically, HD maps support accurate localization and navigation
[8], while location-aware services enable automated parking, electronic toll col-
lection, and personalized information services. Additionally, video streaming,
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Application
categories

Use case
examples

Transmission
data rate

Delay

Reliability

Cooperative
driving signaling

Cooperative
maneuvers: lane
changing,
platooning

Low

<20 ms

99.99%

Emergent
situations

Low

<10 ms

99.9999%

Road safety
warning

Collision warning

Low

<20 ms

99.9%

Road hazard
warning: signal
violation,
roadwork
warning

Low

<100 ms

99.9%

Traffic efficiency
information

Infrastructure-
assisted
environment
perception

> 10 Mbps

<100 ms

99%

Infotainment and
data service

Automatic
parking,
electronic toll
collect

Low

<500 ms

99%

Delay-sensitive
applications: live
video streaming

>50 Mbps

<150 ms

90%

Delay-tolerant
applications: HD
map distribution,
vehicle software
updating

~ 20 Mbps

Best effort

Best effort

audio, gaming, and augmented reality applications can enhance the passenger
travel experience [9]. For instance, passengers may request some location-based
content during their traveling to obtain updated restaurant or sight information

with some audio or video content, shown as Case 4 in Fig. 1.1.

Service requirements of CV applications vary significantly in terms of trans-
mission data rate, delay, and reliability [7, 10-12], as summarized in Table 1.1.
These metrics are commonly used to characterize the communication service quality
required by CV applications and are defined as follows:

e Transmission data rate: The required data rate to successfully deliver application
information within its delay constraint.
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e Delay: The time from the occurrence of an event in the application scenario to the
successful reception of the corresponding information, including both communi-
cation and processing latency, i.e., the end-to-end delay [7, 13].

e Reliability: The probability that the information is correctly delivered within a
specified delay or freshness requirement [13].

Different CV applications place distinct requirements on these metrics, depend-
ing on how the transmitted information affects driving decisions and user experi-
ence. Safety-critical services, such as cooperative driving signaling and road safety
warning, require ultra-low latency and extremely high reliability for a fast reaction
because delayed or lost messages may directly lead to hazardous driving decisions.
In contrast, traffic efficiency applications, such as navigation assistance, tolerate
slightly higher latency but still demand consistent information freshness to main-
tain stable driving performance. Meanwhile, infotainment and map services usually
involve large data volumes and flexible delay tolerance, but they still require reli-
able transmission to ensure user experience and service continuity. Moreover, delay
and reliability requirements are often jointly constrained. Even if the average delay
satisfies the requirement, an occasional large delay may still affect safety-critical
decisions. Therefore, reliability essentially controls the tail distribution of latency,
ensuring that time-critical information is delivered within strict deadlines, to improve
driving safety and experience.

In summary, CVs improve road safety and travel experience by continuously
exchanging information through V2X communications in vehicular networks to sup-
port diverse applications. Meanwhile, the heterogeneous service requirements make
reliable information delivery essential, especially under high mobility and dynamic
traffic conditions. Therefore, vehicular networks are expected to provide scalable and
flexible network services, enabling both low-latency local interactions and global
information acquisition for various CV applications.

1.1.2 Terrestrial Vehicular Networks

To support the diverse applications of CVs, wireless communication infrastructure
deployed along roads forms terrestrial vehicular networks, which currently serve as
the primary platform for V2X service provisioning, as shown in Fig. 1.1. By inte-
grating direct short-range communication and cellular-based infrastructure access,
terrestrial vehicular networks enable vehicles to exchange information with nearby
traffic participants as well as remote network services.

Atthe local level, V2V communication allows nearby vehicles to directly dissemi-
nate time-critical messages within a short range. However, due to limited transmission
power and communication distance, V2V links are mainly suitable for small packets
and localized interactions, typically for cooperation driving and safety-related data
transmission. To extend communication range and improve transmission reliability,
infrastructure-assisted communication is introduced through roadside units (RSUs)
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and cellular base stations (BSs). With cellular V2X technologies such as LTE-V2X
and NR-V2X, vehicles can access wide-area connectivity with higher data rate and
more stable links [ 14, 15]. This enables delay-sensitive information delivery and sup-
ports data-intensive services, such as HD map updates, traffic state dissemination,
and multimedia services, within the coverage area.

From a system architecture perspective, terrestrial vehicular networks are built
upon heterogeneous ground communication systems, including cellular networks,
Wi-Fi, and millimeter-wave communications. Modern cellular evolution toward
ultra-dense small-cell deployment significantly improves spectrum efficiency and
network throughput, allowing vehicles in urban areas to achieve high data rate and
low latency access. Meanwhile, network nodes are interconnected through high-
speed optical fiber backhaul, ensuring reliable large-volume data exchange across
the network.

Meanwhile, some CV applications, such as environment sensing and video stream-
ing, require a tremendous quantity of computing demand for data processing before
transmitting the data to CVs. Traditional cloud-based computing introduces a large
delay on the backhaul link, while modern terrestrial vehicular networks are increas-
ingly integrated with mobile edge computing (MEC). By employing computing and
caching resources at RSUs or BSs, data processing can be performed close to vehi-
cles rather than in remote cloud servers. This reduces backhaul transmission delay
and allows real-time processing of sensing data, which is particularly important for
environment perception sharing and cooperative driving assistance. The availabil-
ity of edge intelligence and caching further enables efficient content distribution and
supports computation-intensive vehicular services. Overall, dense deployment of ter-
restrial infrastructure combined with MEC servers allows CVs to obtain low-latency
communication, high data rate transmission, and local processing capability, making
terrestrial vehicular networks capable of supporting most V2X applications in urban
environments.

Despite these advantages, terrestrial vehicular networks still face inherent lim-
itations in supporting CVs. First, network coverage may be geographically con-
strained, considering fixed terrestrial infrastructures and cost-sensitive deployment.
In highways, rural regions, and sparsely populated areas, deploying and maintaining
dense RSUs or BSs is costly and sometimes impractical. Consequently, vehicles may
experience intermittent connectivity or even complete service interruption, which
degrades CV applications requiring continuous network access. Second, terrestrial
networks provide limited flexibility in highly dynamic vehicular scenarios. Traffic
demand varies significantly across time and space, for example, between rush hours
and off-peak periods or between urban and suburban areas. Static infrastructure
capacity cannot efficiently adapt to these variations, leading to network congestion
in hotspot areas and resource underutilization in low-density regions. Frequent han-
dovers caused by high mobility further affect communication stability.

Therefore, relying solely on terrestrial vehicular networks cannot guarantee ubiq-
uitous and reliable network availability for CVs, especially under high mobility and
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uneven traffic distribution conditions. To provide seamless connectivity and flexi-
ble resource provisioning, additional dimensions beyond ground infrastructure are
required.

1.1.3 LEO Satellite-Assisted Vehicular Networks

Although terrestrial vehicular networks can effectively support most CV services in
urban environments, their performance strongly depends on infrastructure deploy-
ment density and geographic conditions. In highways, rural regions, oceans, or moun-
tainous areas, ground infrastructure may be sparse or unavailable, leading to service
interruption and degraded application performance. To provide global connectivity
and service continuity beyond the coverage of terrestrial infrastructure, satellite com-
munication has emerged as an important complementary networking paradigm for
future wireless networks [16].

Satellite networks consist of satellites operating at different orbital altitudes,
including geostationary Earth orbit (GEO), medium Earth orbit (MEO), and low
Earth orbit (LEO) [17]. Although GEO and MEO satellites provide extremely large
coverage footprints and relatively stable links, their high orbit altitude introduces
substantial long propagation delay, which cannot meet the stringent delay require-
ments of most CV applications. In contrast, LEO satellites operate at much lower
altitudes, typically from hundreds to a few thousand kilometers [18], significantly
reducing signal propagation delay and enabling latency comparable to terrestrial
communications. In addition, satellite infrastructure is less affected by local disasters
or infrastructure failures, providing robust communication support for safety-related
services. With dense constellation deployment and steerable beams, LEO satellites
can provide large-scale and continuous connectivity to CVs over broad regions [19].

Modern LEO satellites are evolving from traditional relay nodes operated in trans-
parent modes into space network access platforms capable of directly serving CVs.
Operating in regenerative communication modes, satellites can process and route
signals onboard and provide wide-area V2N connectivity. Through large-scale con-
stellation deployment, LEO satellite networks enable near-continuous connectivity
over wide geographical regions, supporting vehicles traveling across cities, highways,
and remote areas. Meanwhile, satellite communication naturally supports broadcast
and multicast transmissions due to its top-down feature, enabling efficient large-
scale information dissemination, such as traffic information dissemination, software
updates, and map distribution.

In addition to communication capability, LEO satellites can also carry MEC
servers, enabling onboard computing and caching capabilities. By processing or
caching data directly in space, part of the service workload can be handled closer
to CVs compared with remote cloud centers or ground stations, reducing backhaul
dependency and improving responsiveness for CV applications [20]. In this case,
LEO satellites have attracted substantial attention from academia and industry due
to the global network availability and flexible resource provisioning.
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Despite these advantages, LEO satellite-assisted vehicular networks also exhibit
inherent characteristics that differentiate them from terrestrial networks. Due to the
high velocity of LEO satellites, which can be 7.56 km/s, the coverage area of satellites
changes over time, resulting in a highly dynamic satellite network topology. In this
case, satellite—CV links vary continuously over time, resulting in dynamic link quality
and periodic service availability. Furthermore, due to the constrained power and
high-cost MEC servers on LEO satellites, onboard resources, including bandwidth,
computing, and caching capacity, are limited compared with terrestrial infrastructure.
In addition, although the propagation delay of LEO satellites is much smaller than
that of satellites in higher orbits, it remains non-negligible for real-time interactive
applications.

Overall, satellite networks are particularly suitable for providing global connec-
tivity and large-scale information support, rather than replacing local and low-latency
terrestrial communications. Consequently, LEO satellite networks serve as an indis-
pensable integration to vehicular networking by complementing terrestrial coverage
and enabling ubiquitous connectivity for CVs.

1.1.4 Integrated Architecture of Satellite-Terrestrial
Vehicular Networks

Neither terrestrial vehicular networks nor LEO satellite networks alone can fully
satisfy the heterogeneous service requirements of CVs. Terrestrial infrastructure
provides low-latency and high-capacity communication in local regions but suf-
fers from limited coverage and deployment cost. Conversely, LEO satellite networks
offer global connectivity and efficient large-scale data dissemination, which how-
ever exhibit dynamic connectivity and constrained onboard resources. Therefore,
integrating satellite and terrestrial networks into a unified vehicular communica-
tion architecture becomes a potential approach to enable seamless, flexible, and
cost-effective network services [21, 22], which form satellite-terrestrial vehicular
networks (STVNSs).

In STVNS, ground infrastructure and satellite systems jointly serve CVs through
coordinated access and resource provisioning [23], as shown in Fig. 1.2. Vehicles can
connect to RSUs, cellular BSs, and LEO satellites via heterogeneous wireless links,
and may operate in single-connectivity or multi-connectivity modes depending on
service requirements and link conditions [24]. Meanwhile, terrestrial nodes are inter-
connected through high-capacity wired backhaul, and satellite feeder links connect
ground stations to satellite constellations, enabling data exchange across network
segments. Through such hierarchical connectivity, CVs can access both nearby low-
latency terrestrial networks and wide-reaching satellite networks within a unified
networking framework.

From a service perspective, the integrated architecture leverages the complemen-
tary characteristics of the two network segments. Local and delay-critical interac-
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tions, such as cooperative driving signaling and safety warning, are mainly sup-
ported by terrestrial communications. In contrast, popular information dissemination,
large-volume content delivery, and connectivity continuity are efficiently supported
by LEO satellites. Moreover, satellite multicast transmission and terrestrial unicast
transmission can be jointly utilized to improve spectrum efficiency and reduce redun-
dant transmissions.

The integrated architecture also enables flexible resource provisioning across het-
erogeneous network domains. When terrestrial infrastructure experiences congestion
or limited coverage, traffic can be offloaded to satellites to maintain service conti-
nuity. Conversely, when vehicles are located in dense urban regions, terrestrial net-
works can provide high-rate and low-latency communication, while satellites offer
supplementary support such as backup connectivity. Through coordinated operation,
STVNs can adapt to spatially and temporally varying traffic demands.

Overall, the satellite—terrestrial integrated architecture forms a unified vehicular
networking paradigm that combines local responsiveness with global accessibility.
By jointly exploiting complementary communication characteristics, STVNs provide
the foundation for scalable, reliable, and flexible service provisioning for diverse CV
applications.



10 1 Introduction

1.2 Two-Stage Resource Management Technology

Although the integrated satellite—terrestrial architecture enables ubiquitous connec-
tivity, efficient service provisioning in STVNs remains challenging due to heteroge-
neous service requirements and highly dynamic network conditions. Different CV
applications demand distinct delay, reliability, and data-rate guarantees, while avail-
able communication, computing, and caching resources vary over time because of
satellite mobility. Consequently, treating all services and users in a unified manner
leads to inefficient utilization and unstable quality of service.

To systematically organize diversified services over shared infrastructures,
resource slicing is introduced as a service-oriented network management paradigm
[25, 26]. By logically partitioning physical resources into multiple customized vir-
tual service networks, referred to as slices, different application categories can be
supported with isolated resources tailored to differentiated performance provision-
ing. Such a structured abstraction simplifies service orchestration over heterogeneous
satellite—terrestrial resources while maintaining isolation among applications.

However, due to the high complexity of multi-dimensional resource orchestration
and the coexistence of slow-varying network characteristics, such as traffic demand
evolution and satellite visibility, and fast-varying dynamics, including channel vari-
ation and instantaneous vehicle access, resource management in STVNs naturally
involves decisions at different timescales. To handle such multi-timescale character-
istics, a slicing-based two-stage resource management paradigm is proposed. In the
large-timescale reservation stage, network resources are reserved for different slices
according to predicted demand and network conditions. In the real-time operation
stage, reserved resources are then allocated to individual CVs to adapt to instanta-
neous variations. This hierarchical design significantly reduces management com-
plexity while maintaining service performance.

1.2.1 STVN Resource Management Framework

To support heterogeneous CV applications over STVNs, multi-dimensional
resources must be coordinated across different network segments and domains.
In STVNs, communication, computing, and caching (3C) resources are distributed
among LEO satellites, RSUs, and BSs, and their availability varies over time due
to satellite mobility and dynamic traffic. Meanwhile, CV task requests arrive at fine
time granularity and require an instantaneous response. The coexistence of long-term
resource variation and short-term service dynamics makes direct per-CV resource
management highly complex.

To address this issue, a slicing-based resource management framework is adopted
in STVNS, illustrated in Fig. 1.3, which separates service-level orchestration from
real-time execution, enabling scalable control and fast adaptation under highly
dynamic environments [27]. Instead of directly scheduling resources for individual
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Fig. 1.3 Slicing-based two-stage resource management framework in STVNs

CVs across all network entities, multi-dimensional resources from both terrestrial
and satellite segments are first abstracted into a unified virtual resource pool and par-
titioned into multiple network slices. Each slice corresponds to a class of CV appli-
cations with similar service requirements, enabling aggregated service-level control
rather than vehicle-level global optimization. Different slices coexist on the same
physical network but operate independently with isolated resources, enabling cus-
tomized performance provisioning and satisfactory service requirements. For exam-
ple, as shown in Fig. 1.3, three different slices are established with specified service
requirements. The three slices are built on the same physical network, but man-
age multi-dimensional resources separately and independently in each slice. This
resource abstraction reduces decision dimensionality and allows differentiated ser-
vice provisioning.

Based on the resource abstraction, the resource management framework follows
a hierarchical control structure, consisting of a central controller responsible for the
reservation stage management and distributed local controllers responsible for the
operation stage in real-time [28, 29].

The central controller, deployed in the terrestrial network, is responsible for global
resource orchestration across RSUs, BSs, and LEO satellites. By collecting network
status and predicted demand, the controller constructs a time-varying virtual resource
pool and partitions resources for each slice by reserving resources in each network
component. This mechanism allows safety-critical services, traffic information ser-
vices, and infotainment services to coexist while satisfying distinct service require-
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ments through resource isolation without mutual interference. Generally, the slicing
decisions should be adjusted from time to time to guarantee high performance of ser-
vice provisioning, which is referred to as a slicing window, related to the variation of
available resources and service demand. The resource reservation focuses on service-
level provisioning rather than resource scheduling for individual CV, allowing the
system to adapt resource distribution to traffic evolution and satellite mobility.

The local controllers, located at RSUs and LEO satellites, perform real-time
resource allocation according to the reserved slice resources. Given instantaneous
network conditions, including channel states, vehicle mobility, and task requests,
local controllers allocate multi-dimensional resources to individual CVs to satisfy
different service requirements. Since different services exhibit distinct latency and
reliability demands, scheduling policies are slice-dependent. For example, safety-
critical services prioritize reliable and low-latency transmission, while data-intensive
services emphasize throughput efficiency. Meanwhile, each local controller contin-
uously reports resource utilization and service satisfaction to the central controller,
enabling future slice adjustment.

Through this hierarchical architecture, the central controller performs slice-
oriented resource reservation based on global information, whereas local controllers
execute real-time allocation to cope with rapid network dynamics. Such a slicing-
based architecture enables scalable and flexible resource management across satel-
lite and terrestrial networks while satisfying differentiated service requirements for
diverse CV applications.

1.2.2 Slicing-Based Two-Stage Resource Management
Workflow

Based on the hierarchical slicing-based architecture, resource management in
STVNs operates through a two-stage workflow, consisting of a large-timescale reser-
vation stage and a real-time operation stage, illustrated in Fig. 1.4. The two stages
operate at different timescales and cooperate to handle the coexistence of resource
variation and service dynamics in vehicular environments.

The reservation stage performs service-level resource provisioning over a rela-
tively large timescale (e.g., minutes to hours). The objective is to determine how
much multi-dimensional resource should be reserved for each slice according to pre-
dicted service demand and time-varying resource availability. During each slicing
window, the following procedures are executed:

e Global information collection: The central controller aggregates system-wide
information from RSUs, BSs, and LEO satellites, including available communica-
tion, computing, caching capacity, satellite visibility duration, and slice resource
utilization. Meanwhile, CVs periodically report mobility statistics, service request
history, and QoS satisfaction level, forming the basis for resource planning.
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Fig. 1.4 Slicing-based resource management workflow in STVNs

e Mobility and traffic prediction: Using historical vehicle trajectories and application
request patterns, the controller predicts time-varying satellite coverage, spatial
vehicle distribution, and aggregated service demand for each slice.

e Virtualized resource pool construction: Multi-dimensional resources from satellite
and terrestrial networks are abstracted into a unified virtual resource pool. Because
satellite coverage varies over time, the pool is time-varying and reflects expected
resource availability over time windows.

e Network slice management: Based on predicted demand and available virtual
resources, the controller updates the slice configuration by partitioning the resource
pool into multiple slices corresponding to different application classes. Specif-
ically, for each slice, the controller determines the reserved proportion of 3C
resources, maps virtual resources onto physical resources across terrestrial and
satellite entities, and reserves resources for the upcoming slicing window.

The reservation stage determines the service capacity of each slice rather than
scheduling individual CVs, and it is periodically updated to adapt to traffic evolution
and satellite visibility variation.

The operation stage executes fine-grained resource allocation for individual CVs
over a short timescale (e.g., milliseconds). Given the reserved slice resources, local
controllers at RSUs and LEO satellites dynamically allocate communication, com-
puting, and caching resources according to instantaneous network conditions. For
each service request, the following procedures are executed:
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e Session creation: When a CV initiates sensing, data transmission, or content
retrieval, a service session is established and associated with a corresponding
network slice based on its QoS requirement.

e State information collection: When the session is created, the network entities
collect instantaneous state information, including channel quality, CV mobility
state, slice resource utilization, and satellite coverage status.

e Access and mobility management: According to service type and network condi-
tions, the system determines the appropriate access node serving the CV. For a
mobile CV, handover or multi-connectivity decisions may be performed to main-
tain service continuity [30].

e Real-time resource allocation: Within the reserved slice resources, the network
entity allocates communication, computing, and caching resources to individual
CVs. Allocation decisions dynamically adapt to dynamic STVN environments to
satisfy delay and reliability requirements.

e Monitoring and feedback: Different metrics such as delay, reliability, and resource
utilization are measured and reported to the central controller, forming feedback
for future slice adjustment and demand prediction refinement.

To summarize, from the slicing-based two-stage resource management workflow,
the reservation stage performs service-level provisioning, and the operation stage
serves for QoS satisfaction for each CV through real-time adaptation under dynamic
STVN environments.

1.3 Technical Challenges

Despite the proposed slicing-based two-stage architecture providing a systematic
framework for resource management in STVNS, efficient resource management and
practical realization are still not sufficiently studied. Specifically, STVNs are funda-
mentally different from conventional terrestrial vehicular networks, where network
topology is time-varying, service demand evolves dynamically, resource dimensions
are tightly coupled, and connectivity patterns differ across infrastructures. These
characteristics prevent the direct application of traditional resource slicing or resource
scheduling methods, with the following essential challenges:

1. Geometry-dependent network availability: In STVNs, communication avail-
ability is determined not only by wireless channel conditions but also by satellite
orbital geometry. Due to satellite movement and Earth rotation, the network topol-
ogy itself becomes time-varying at the scale of resource management, where link
duration, service continuity, and achievable throughput vary over time and loca-
tion. Unlike terrestrial vehicular networks, where connectivity is almost stable
during scheduling, STVN resource provisioning depends on predicting when a
satellite is visible and how long the connection persists. Therefore, resource man-
agement cannot be designed independently of network modeling, which makes
analytical performance characterization non-trivial and fundamental.
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2. Dynamic network environments: In vehicular environments, traffic density and
application requests change rapidly across time and space, while satellite visibil-
ity simultaneously affects resource availability. As a result, both service demand
and available resources in STVNs fluctuate concurrently. Such dual dynamics
make resource provisioning and slice configuration different from terrestrial net-
works, where a fixed slicing window length is inadequate for STVNs. Specifi-
cally, resource reservation cannot directly rely on traffic statistics in a long slicing
window, which may risk a mismatch once satellite resources or vehicle density
change, resulting in degraded service performance. Frequent slice reconfiguration,
however, introduces high overhead and instability. Therefore, the STVNs must
continuously balance slice stability and adaptability under jointly time-varying
demand and resource conditions.

3. Complicated multi-dimensional decision-making: In STVNs, 3C resources are
jointly provided by satellite and terrestrial infrastructures, and their effects on ser-
vice performance are tightly coupled. For instance, increasing transmission band-
width without sufficient computing resources does not reduce end-to-end delay,
while executing the same task over satellite and terrestrial networks leads to dif-
ferent optimal 3C resource coupling because of their heterogeneous propagation
delay, processing capabilities, and resource costs. Moreover, resource allocation
decisions also affect future system states, such as queue evolution, resource avail-
ability, and service satisfaction. Therefore, resource management is regarded as a
sequential decision-making problem, where current actions influence long-term
performance. Solving such a problem to manage multi-dimensional resources
under uncertainty and dynamic environments is complicated.

4. Heterogeneous connectivity patterns: In STVNs, satellite and terrestrial net-
works exhibit different connectivity behaviors. Specifically, satellites offer con-
tinuous availability over a service duration with their extensive coverage, but
usually involve higher propagation delay and resource cost. In contrast, terrestrial
links provide low latency and efficient unicast transmission, while the network
connectivity is affected by vehicle mobility with frequent handovers. Meanwhile,
different services may prefer different transmission mechanisms. For example,
large-scale common information is efficiently delivered via satellite multicast,
while delay-sensitive or customized data primarily relies on terrestrial unicast
communication. Consequently, resource scheduling must adapt to distinct service
demands, changing connectivity conditions, and transmission modes to maintain
service continuity and pursue resource efficiency, which significantly complicates
real-time control design.

Given the above challenges, supporting diverse CV applications over STVNs
necessitates the study of resource management under dynamic and heterogeneous
network environments to improve resource efficiency while satisfying distinct service
requirements of CV applications in STVNs.
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1.4 Aim of the Monograph

In this monograph, we focus on efficient resource management for STVNs that
support diverse CV applications under highly dynamic environments to tackle the
above-mentioned challenges. In particular, we investigate theoretical modeling for
STVN performance analysis under diverse satellite constellation configurations and
terrestrial deployment strategies, which lay the foundation of resource management
in STVNs. Furthermore, we present model-data co-driven resource management
schemes for the reservation stage and the operation stage orchestration in STVNs,
respectively. These works efficiently manage multi-dimensional resources across
satellite and terrestrial networks, aiming to provide reliable network services for
CVs and enable low-complexity and intelligent resource management.

In Chap. 2, we provide state-of-the-art research related to the monograph. First,
performance modeling methods for STVN resource management evaluation are
introduced. Then, existing resource management schemes in terms of reservation-
stage resource slicing and operation-stage resource scheduling are discussed.

In Chap. 3, we develop tractable theoretical models for performance analysis for
STVNs. By explicitly evaluating satellite orbital characteristics, constellation param-
eters, and terrestrial deployment strategies, analytical expressions of service avail-
ability, outage probability, and system throughput are derived. The analysis reveals
the joint impact of satellite mobility and terrestrial layout on network reliability and
coverage, providing theoretical guidelines for resource management.

Under the theoretical performance modeling for STVN resource management,
Chaps. 4 and 5 investigate resource management schemes under the slicing-based
two-stage framework for STVNs. In Chap. 4, we focus on reservation-stage resource
management for HD map distribution in STVNS. Leveraging both multicast and uni-
cast transmissions that can support map delivery with different characteristics from
satellite and terrestrial networks, a two-slice architecture is designed to cooperatively
support the service. To cope with spatiotemporal demand fluctuations, time-varying
satellite availability, and multi-dimensional resource coupling, the resource slicing
problem is formulated as a sequential decision-making problem. Aiming to min-
imize the long-term system cost, a hybrid data-model co-driven approach-based
two-layer resource slicing scheme is proposed, with the integration of reinforcement
learning-based adaptive slice management in the outer layer and optimization-based
caching and multicast determination in the inner layer. The proposed scheme can
effectively balance flexibility and computational efficiency in dynamic and hetero-
geneous STVNs.

In Chap. 5, we investigate operation-stage resource scheduling for infrastructure-
assisted environment sensing. To satisfy stringent sensing freshness and reliability
requirements under dynamic network conditions, a cooperative satellite—terrestrial
resource scheduling scheme is proposed that jointly optimizes sensing decisions
and real-time resource allocation for efficient resource consumption. By exploit-
ing satellite multicast capability, CV clustering and sensing interval determination
are first exploited by leveraging the coalition game optimization-based algorithm
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to reduce resource consumption and scheduling complexity, while a reinforcement
learning-based algorithm is then employed to allocate computing and communication
resources in real time to adapt to CV dynamics.

Finally, we conclude this monograph and discuss potential future research direc-
tions of resource management in STVNs in Chap. 6.
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Chapter 2 ®)
State-of-the-Art Research for STVN Chack for

Resource Management

Abstract This chapter reviews state-of-the-art research on resource management for
satellite—terrestrial vehicular networks (STVNs). We first summarize representative
performance modeling studies characterizing the time-varying communication con-
ditions from Low Earth Orbit (LEO) satellite operation, which provide quantitative
foundations for resource management. Then, we review existing resource manage-
ment schemes from a two-timescale perspective, covering reservation-stage resource
slicing for long-term planning and operation-stage resource scheduling for real-time
adaptation. Overall, this chapter organizes the current literature into a coherent view
of performance model and scheme design for resource management in STVNSs.

Keywords Satellite-terrestrial vehicular networks - Low Earth orbit satellites -
Resource slicing - Resource scheduling

2.1 Performance Modeling Research

Motivated by the increasing demand for ubiquitous and reliable connectivity, Low
Earth Orbit (LEO) satellite networks have become an important complement to tra-
ditional terrestrial communication infrastructures. By extending coverage to remote
and underserved areas and providing significantly lower propagation latency than
legacy satellite systems, LEO constellations form a fundamental enabler of satellite-
terrestrial vehicular networks (STVNs). In STVNSs, network performance is closely
related to satellite motion, service operation requirements, and network organiza-
tion across heterogeneous segments. Quantifying such coupled and time-varying
communication behavior is essential for resource management, which relies on the
achievable service reliability over time and space. This section briefly summarizes the
communication characteristics in STVNs that motivate performance modeling, and
reviews representative analytical modeling studies for STVN resource management.

Communication behavior in STVNS is influenced by the physical and communi-
cation properties of satellite systems, which are generally categorized by different
orbital altitudes. While Geostationary Earth Orbit (35,786 km) and Medium Earth
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20 2 State-of-the-Art Research for STVN Resource Management

Orbit (7,000-20,000 km) satellites provide wide coverage, their round-trip propaga-
tion delays may exceed 100 ms [1], struggling to meet the stringent latency require-
ments of vehicular services. In contrast, LEO satellites, orbiting at altitudes between
600 and 1,500 km, can reduce propagation delays to less than 10 ms, making them
more suitable for diverse CV applications.

Modern LEO constellations typically operate in transparent or regenerative relay-
ing modes [2], and their communication conditions exhibit strong spatiotemporal
variations due to several key factors. First, the spectrum in Ku-band (12-18 GHz)
and Ka-band (2640 GHz) are primarily utilized in LEO systems, which can improve
satellite communication throughput but introduce higher sensitivity to atmospheric
attenuation and cross-system interference, especially under spectrum coexistence
with terrestrial networks [3, 4]. Second, to achieve global coverage, LEO satellites
are organized into specific constellations, most commonly Walker Delta or Walker
Star topologies [5], which differ in orbital arrangement and coverage characteristics
and directly influence link dynamics and network connectivity, yet also bring time-
varying link availability under satellite mobility and line-of-sight constraints [5].
Third, unlike the fixed beams of traditional systems, modern LEO satellites employ
phased-array technology to dynamically shape and track beams [2]. This allows the
satellite to compensate for its high-speed motion and maintain focus on specific geo-
graphical areas or high-priority vehicular clusters. On the other hand, dynamic beam
footprints, as well as frequent satellite and beam handovers, lead to rapidly changing
channel quality and service duration for ground users [2, 6-8].

In practice, STVNs are expected to provide continuous connectivity across mov-
ing coverage areas and heterogeneous access segments. Standardization efforts from
the 3rd Generation Partnership Project (3GPP) on non-terrestrial networks empha-
size global connectivity and service continuity in integrated satellite-terrestrial oper-
ation [1, 2, 9], while convergence principles and system-level frameworks are
also discussed in the International Telecommunication Union (ITU) recommenda-
tions [10, 11]. Therefore, LEO-induced mobility and dynamic coverage make both
link quality and connectivity duration highly time-dependent communication per-
formance in STVNs, which should be characterized over a spatiotemporal modeling
beyond instantaneous link evaluations.

Motivated by this requirement, a range of analytical modeling approaches has
been developed to quantify the performance of satellite and satellite-terrestrial inte-
grated networks. Stochastic geometry has been widely adopted to characterize link
reliability and system throughput under satellite mobility and heterogeneous inter-
ference [12]. The outage probability and throughput of LEO satellite and satellite-
terrestrial downlink systems are analyzed in [13, 14], respectively. Signal quality
distributions in relay-assisted integrated networks are further investigated in [15].
To capture the effects of satellite motion, non-stationary channel models describing
time-varying distances between satellites and ground users are proposed in [16],
while terrestrial-satellite interference is examined in [17]. In addition, protocol-layer
impacts of satellite channel characteristics are discussed in [18].

These studies indicate that communication performance in STVNs depends jointly
on satellite dynamics and terrestrial deployment to capture spatiotemporal variability
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and cross-segment interactions, which can provide system-level evaluation of service
availability and reliability and are regarded as an essential basis for STVN resource
management. While existing performance modeling provides tractable insights, some
satellite-related motion, constellation-parameter-dependent geometry, and the result-
ing time-varying topologies in practical LEO satellite systems are rarely considered.
To bridge this gap and support resource management evaluation, Chap. 3 develops
theoretical modeling for STVN performance analysis under realistic constellation
settings by explicitly accounting for key constellation parameters and further exam-
ines how terrestrial deployment strategies jointly shape service availability, outage
probability, and throughput.

2.2 Reservation-Stage Resource Slicing

STVNs support diverse CV applications with heterogeneous delay, reliability, and
data-rate requirements. These services coexist over a shared satellite—terrestrial
infrastructure where communication, computing, and caching resources are dis-
tributed across satellites, roadside units, and base stations. Directly scheduling
resources to individual users in such a large-scale heterogeneous system leads to high
orchestration complexity and unstable service provisioning. Therefore, resource slic-
ing is required to organize network resources according to service categories rather
than instantaneous user demands. Reservation-stage resource management performs
this slicing process over a large timescale. Instead of reacting to real-time channel
variations, STVNs need to determine the resource capacity prepared for different
service types under predicted traffic demand and satellite availability. To realize this
objective, resource slicing has become a widely adopted paradigm, where heteroge-
neous physical resources are abstracted into virtual slices and allocated to service
classes with differentiated performance targets.

A number of studies investigate centralized or hierarchical slicing architectures
to enable resource reservation. For instance, a satellite—terrestrial integrated network
architecture with a global controller for slice decision-making is proposed in [19],
while adaptive slicing window mechanisms are developed in [20] to accommodate
time-varying service demands and dynamic network environments. To improve flexi-
bility and resilience, extensible slicing frameworks designed, including the definition,
modeling, orchestration, and deployment of multiple slices and infrastructures, are
discussed in [21]. SDN-based, Al-assisted, and digital twin-assisted slicing frame-
works for future wireless networks and space—air—ground integrated networks are
further explored in [22-24], highlighting the role of intelligent control in efficient
resource provisioning.

Beyond architectural design, several works focus on reservation-stage slicing
strategies for multi-domain and multi-service scenarios with a shared physical net-
work infrastructure. For example, multi-domain dynamic slicing models tailored for
delay-sensitive applications are studied in [25, 26], while resilient slicing designs
incorporating redundant resource provisioning are proposed in [27] to mitigate
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potential failures. Quality of service (QoS)-aware reservation schemes for enhanced
Mobile Broadband (eMBB) services in STVNs are investigated in [28] with the adap-
tive network selection design, and joint admission control and slicing frameworks
supporting heterogeneous services are developed in [29].

To cope with non-stationary service demands and satellite mobility, learning-
based [30] and digital-twin-assisted reservation mechanisms are introduced in [31,
32], enabling adaptive and robust long-term resource planning. Hybrid data—model-
driven slicing approaches that explicitly account for spatiotemporal demand vari-
ations are extensively investigated, where statistical modeling is combined with
data-driven learning to improve long-term reservation decisions under multi-beam
coverage constraints [33], or for a cooperative slicing scenario [26]. In [34], low-
delay, high-throughput, and wide-coverage slices are constructed for space—air—
ground integrated networks by jointly optimizing service delay, throughput, and
coverage area using centralized and distributed multi-agent deep deterministic pol-
icy gradient (DDPG)-based algorithms. Furthermore, [35] proposes a reconfigurable
radio access network slicing scheme that dynamically adjusts reserved resources for
heterogeneous services with the objective of maximizing long-term system revenue.

Overall, reservation-stage resource slicing organizes heterogeneous network
resources at the service level and reduces orchestration complexity by decou-
pling long-term planning from instantaneous scheduling. However, since reserved
resources cannot fully capture fast variations in connectivity and traffic, real-time
adaptation mechanisms are still required. This motivates operation-stage resource
scheduling, which is discussed in the following section.

2.3 Operation-Stage Resource Scheduling

While reservation-stage resource slicing plans resources at the service level, instan-
taneous connectivity and traffic conditions in STVNss still vary due to CV mobility,
channel fluctuation, and intermittent satellite visibility. Therefore, reserved resources
must be dynamically adjusted in real time to support individual CVs. Operation-stage
resource scheduling performs fine-grained decisions over small timescales, which
determine the resource allocation to users and tasks at each moment in STVNs. The
objective is to maintain service continuity and low latency under rapidly chang-
ing network conditions. In the following, we review representative operation-stage
mechanisms in STVNs and related integrated networks, including user association,
radio resource allocation, and joint communication, computing, and caching (3C)
resource orchestration.

User Association and Access Mode Selection: Due to the heterogeneous char-
acteristics of satellite and terrestrial networks, user association and access mode
selection constitute fundamental operation-stage decisions. Existing studies inves-
tigate adaptive association strategies that exploit the complementary advantages of
terrestrial networks, such as low propagation delay, and satellite networks, such as
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wide coverage and reduced handover frequency. Learning-based access mode selec-
tion schemes are proposed in [36, 37], enabling flexible and reliable connectivity
for diverse vehicular services under highly dynamic channel conditions and mobil-
ity patterns. When direct satellite—user links are unavailable or exhibit poor channel
quality, relay-assisted association and backhaul-aware access strategies are explored,
where satellites serve as part of the backhaul infrastructure to extend coverage and
enhance network capacity [38]. Such approaches are further extended to IoT-oriented
STIN scenarios, where joint association and resource management decisions are opti-
mized using reinforcement learning-based mechanisms to improve long-term utility
and spectrum efficiency [39, 40].

Radio Resource Allocation: A substantial body of work addresses radio resource
management in STVNs to improve spectrum efficiency, reliability, and fairness
under heterogeneous access conditions. Representative studies focus on the joint
optimization of power allocation, beamforming, and interference management, con-
sidering cooperative satellite—terrestrial transmission and non-orthogonal multiple
access schemes [41, 42]. To cope with rapid network dynamics and incomplete
system information in STVNs, intelligent radio resource management frameworks
based on SDN architectures and Al techniques have been proposed, enabling central-
ized control, predictive optimization, and adaptive configuration of heterogeneous
resources [43—-45]. In parallel, analytical modeling and stochastic performance analy-
sis provide theoretical guidance for delay-aware and reliability-aware radio resource
allocation, capturing the impact of satellite mobility, intermittent connectivity, and
hybrid interference in integrated networks [46, 47].

Joint Communication, Computing, and Caching Resource Orchestration: Beyond
radio resource allocation, effective management of communication, computing, and
caching (3C) resources in STVNs requires tightly coupled and real-time decision-
making across heterogeneous network segments. Rather than treating different
resource types in isolation, recent studies emphasize integrated control and optimiza-
tion paradigms that jointly coordinate multi-dimensional resources under satellite
mobility, intermittent connectivity, and rapidly varying traffic demands.

From a control and architectural perspective, SDN has been widely adopted to
enable unified and programmable management of 3C resources across satellite and
terrestrial networks. An SDN-based STIN architecture assisted by learning algo-
rithms is proposed in [48, 49], where a centralized controller coordinates commu-
nication and computing resources to adapt to dynamic network conditions. Similar
SDN-enabled and learning-assisted frameworks further support real-time orchestra-
tion of multi-dimensional resources in integrated networks [50, 51], particularly in
scenarios involving task offloading and edge computing [52, 53]. Such architectures
provide a flexible foundation for real-time 3C orchestration by decoupling control
and data planes and enabling global network visibility.

Building on these architectural foundations, a variety of integrated optimization
frameworks have been developed to jointly manage 3C resources. Matching-based
optimization methods are proposed to minimize service delay and improve resource
utilization in integrated networks [54], while game-theoretic approaches, such as
Nash bargaining formulations, are adopted to enhance system throughput while
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ensuring fairness among users [55]. These studies demonstrate that coordinated
multi-resource optimization can effectively balance efficiency, fairness, and service
quality in dynamic STVN environments. To cope with uncertainty and fast sys-
tem dynamics, data-driven and learning-assisted paradigms have been increasingly
explored for operation-stage 3C resource orchestration. In caching-enabled STIN,
learning-based approaches dynamically adapt cache placement and content deliv-
ery decisions to time-varying user demands and satellite visibility, reducing content
delivery latency and backhaul load [56, 57]. In addition, learning-based and hybrid
optimization methods are extended to jointly schedule 3C resources, enabling adap-
tive task offloading [58], content delivery [59], and user-centric service provisioning
under limited system information [60].

Overall, operation-stage mechanisms determine how reserved resources are
utilized in real time under fast-varying network conditions. Compared with the
reservation-stage resource slicing, which operates at the service level, the operation-
stage resource scheduling focuses on instantaneous adaptation at the user and
task level. The interaction between the two stages forms a slicing-based two-stage
resource management framework, which is the basis of the resource orchestration
strategies developed in the subsequent chapters.

2.4 Summary of State-of-the-Art Research

In this chapter, we reviewed state-of-the-art research on resource management in
STVNs from a multi-timescale perspective. We first summarized representative per-
formance modeling studies and key system characteristics that motivate system-
level performance characterization for resource management evaluation. Then, we
reviewed resource management schemes in both reservation-stage resource slicing
for large timescale resource planning and operation-stage resource scheduling for
real-time resource adaptation.

Despite the research endeavors, substantial studies still remain in addressing sev-
eral fundamental challenges in STVN resource management, including the chal-
lenges from geometry-dependent network availability, network dynamics in highly
dynamic vehicular environments, multi-dimensional decision coupling across 3C
resources, and heterogeneous connectivity patterns across satellite and terrestrial
segments. To tackle these gaps, in this monograph, we investigate resource manage-
ment for STVNS. Specifically, Chap. 3 develops theoretical performance models that
explicitly capture practical constellation geometry and terrestrial deployment effects,
providing system-level metrics for resource management evaluation. Building on
these theoretical performance modeling, Chaps. 4 and 5 design reservation-stage
resource slicing and operation-stage resource scheduling schemes, respectively, to
coordinate time-varying heterogeneous resources under diverse connectivity patterns
and service requirements.
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Chapter 3 )
Theoretical Modeling for STVN e
Performance Analysis

Abstract Low Earth orbit (LEO) satellite-assisted communications have emerged
as a promising solution for enabling reliable, flexible, and globally seamless ser-
vice provisioning in next-generation vehicular networks. This chapter focuses on
the theoretical modeling for satellite—terrestrial vehicular network (STVN) perfor-
mance analysis, supporting connected vehicle (CV) applications. We first establish
a tractable architectural modeling for LEO satellite—~CV communication systems by
explicitly accounting for satellite orbital characteristics and constellation parameters.
Then, the analytical modeling of LEO satellite—CV communication performance is
analyzed in terms of service availability, outage probability, and system throughput
under practical satellite constellation settings. Furthermore, the impact of different
terrestrial network deployments on the overall STVN performance is investigated to
reveal the interplay between satellite and terrestrial infrastructures. Extensive numer-
ical results are provided to validate the analytical findings and to illustrate how system
parameters and deployment choices affect the network performance of STVNGs.

Keywords Network architecture modeling - Satellite constellation configuration -
Communication performance analysis * Infrastructure deployment

To fully realize the potential of CVs, ubiquitous vehicle-to-everything (V2X) connec-
tivity is required to support a wide range of applications, from safety-critical collision
avoidance to high-bandwidth infotainment services. Although terrestrial networks
can provide high data rates, their coverage gaps, caused by the deployment cost of
roadside units (RSUs) and geographical constraints, motivate the integration of low
Earth orbit (LEO) satellites to enable globally flexible and reliable connectivity [1].
By combining the high-capacity terrestrial segment with the wide-area coverage and
robustness of LEO constellations, satellite—terrestrial vehicular networks (STVNs)
are able to provide seamless service continuity for CV applications [2]. However, the
inherent heterogeneity of STVNSs, including disparate propagation delays and highly
dynamic network topologies induced by satellite mobility, poses significant chal-
lenges to service provisioning. Understanding the fundamental performance limits
of STVN:s is therefore essential for effective network design and resource manage-
ment [3].
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30 3 Theoretical Modeling for STVN Performance Analysis

In this chapter, we conduct a comprehensive performance analysis of STVNs in
which both LEO satellites and RSUs cooperatively serve CVs within their respective
coverage areas. RSUs are connected to the core network through terrestrial backhaul
links, while satellites operate in a regenerative mode, analogous to a distributed unit
in the 3GPP radio access network architecture [4]. Each satellite communicates with
CVs via service links and connects to ground stations through feeder links. Note that
we primarily focus on the performance of service links, which directly determine the
communication quality experienced by CVs.

To this end, we establish a practical LEO satellite constellation model for com-
munication performance analysis. Based on this model, we investigate the key con-
stellation parameters that affect propagation delay and network coverage in satellite—
terrestrial communications. The analytical modeling of LEO satellite—CV communi-
cation performance is then developed in terms of service availability, outage probabil-
ity, and system throughput. Furthermore, the impact of different terrestrial infrastruc-
ture deployment strategies on the overall STVN performance is examined to reveal
the interplay between satellite constellation design and terrestrial network layout.
Extensive numerical results are presented to illustrate the analytical findings and to
demonstrate the performance benefits of integrating LEO satellites with terrestrial
vehicular networks. The main contribution of this chapter can be summarized as
follows:

e A practical LEO satellite constellation model is developed to capture the impact
of satellite orbital parameters on satellite—CV communication performance.

e The analytical modeling of LEO satellite—CV communication is comprehensively
investigated in terms of service availability, outage probability, and throughput
under practical constellation configurations.

e The impacts of terrestrial infrastructure deployment strategies on STVN perfor-
mance are investigated to evaluate the benefits of satellite—terrestrial integration
for CV services.

The remainder of this chapter is organized as follows. Section 3.1 presents the
LEO satellite constellation model and analyzes the impact of constellation parame-
ters. Section 3.2 investigates the analytical modeling of LEO satellite—-CV communi-
cation performance in terms of service availability, outage probability, and through-
put. Section 3.3 examines the impact of different satellite constellation designs and
terrestrial network deployment strategies on STVN performance. Finally, Sect. 3.4
summarizes this chapter.

3.1 Architectural Modeling of LEO Satellite Constellation

This section establishes an architectural model for low Earth orbit (LEO) satellite
constellations, which serves as the foundation for the performance analysis. Key
physical and geometric factors that fundamentally affect satellite—CV communica-
tions are explicitly considered, including Earth rotation as well as the constraints
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Table 3.1 Summary of notations

Notation Definition

rE, ¥ Earth radius and LEO satellite orbit radius

o, h Satellite orbit inclination angle and orbit altitude

¢ Angle between a satellite and the ascending node

1) Angle between the x-axis and the line from the origin to the ascending node

Bus Yu) (latitude, longitude) of a CV

d The distance between a CV and its associated access point (LEO satellite or
RSU)

Oh The minimum elevation angle constraint

Mih The maximum satellite boresight angle constraint

dmax The maximum satellite-CV distance to satisfy elevation and boresight angle
constraints

N, M Number of satellite orbits and number of satellites per orbit

P? Probability of an LEO orbit being feasible for CVs

P} Probability of at least one satellite on an orbit being available to provide CV
services

Pia Probability of satellite-CV service being available

Ri1, Ri2 Required throughput for satellite and terrestrial communications

Ax RSU deployment intensity in terrestrial RSU deployment Case x

P, Satellite communication service outage probability

Py, Terrestrial service outage probability in RSU deployment Case x

T1,max Maximum achievable satellite system throughput

T Maximum achievable terrestrial system throughput in RSU deployment
Case x

imposed by elevation angle and boresight angle. Based on this modeling frame-
work, we analyze the constellation design requirements, focusing on the number of
satellites per orbit and the number of orbits needed to ensure continuous satellite
coverage over the service area. The primary notations used throughout this chapter
are summarized in Table 3.1.

3.1.1 Satellite Movement with Earth Rotation

Due to the rotation of the Earth, the movement of LEO satellites relative to the
ground deviates from a simple circular trajectory, as illustrated in Fig. 3.1a. The
Earth rotation causes satellite tracks continuously shift over time, which directly
affects satellite visibility and link dynamics for ground users.

To characterize satellite motion and its impact on communication performance, we
adopt an Earth-centered Earth-fixed (ECEF) coordinate system, as shown in Fig. 3.1b,
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(a) Satellite orbits with and without Earth rotation. (b) Earth-centered Earth-fixed coordinate system.

Fig. 3.1 An illustration of satellite orbits

where the Earth is modeled as a perfect sphere.' The origin of the coordinate system
is located at the Earth center. The +x-axis passes through the intersection of the
Equator and the Prime Meridian, the +z-axis points toward the North Pole, and the
+y-axis is orthogonal to both the x- and z-axes. This coordinate system rotates with
the Earth.

As shown in Fig. 3.1b, the satellite orbit radius is denoted by r = rg + h, where
rg is the Earth radius and £ is the satellite orbit altitude. The orbit inclination angle
is denoted by «. Let w(¢) denote the time-varying angle between the x-axis and the
line connecting the Earth’s center to the ascending node, given by

w(t) = wy+ Awg - t, 3.1
where wy is the initial angle of the ascending node, and Awg is the Earth rotation

angular velocity. Let ¢ (¢) denote the angular position of the satellite along its orbit
relative to the ascending node at time ¢, which is given by

d@) = do + A¢s - t, (3.2)

where ¢ is the initial angle between the satellite and ascending node and Agg
represents the satellite’s angular velocity along the orbit.

! More accurate Earth models, such as the WGS84 ellipsoidal model, can be adopted for high-
precision positioning. However, numerical comparisons indicate that the difference in satellite—CV
distance between the spherical model and the WGS84 model can be negligible for LEO satellite
communications. Even in extreme cases, such as ground terminals located near the poles or near the
equator, the relative error remains below 0.01%. Therefore, the spherical Earth model is adopted
for simplicity.
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Consider a CV located on the Earth’s surface with latitude 8, and longitude y,,.
The position of the CV in the ECEF coordinate system can be expressed as

X, = g cos B, cos Y,
Yu =TE COS/3M sin Yus (33)
lu =TE Sinlgw

The position of the LEO satellite at time ¢ is determined jointly by Earth rotation
and satellite orbital movement, and can be expressed as

Xs(t) = rcosg(t)cosw(t) —rsing(t) sinw(t) cos «,
ys(t) =rcosg(t)sinw(t) 4+ rsing(t) cosw(t) cosw, 3.4
zs(t) = rsin¢(¢) sin .

Based on the satellite and CV positions, the instantaneous distance between the
LEO satellite and the CV is given by

A1) =\ (5, (0) = 50> + O3 (0) = 3% + () — 2. (3.5)

3.1.2 Impact of Elevation Angle and Boresight Angle

The feasibility of a satellite—CV communication link is fundamentally constrained
by geometric factors, including the minimum elevation angle required at the ground
terminal and the maximum satellite boresight angle supported by the satellite antenna.
These constraints jointly determine the effective coverage region of a LEO satellite
and directly affect link availability and service continuity.

To ensure a feasible satellite—CV link, the distance d (¢) between the satellite and
the CV must satisfy both the minimum elevation angle constraint and the maximum
boresight angle constraint, given by

d@) < \/rz —ri+ri sin? Oy, — rg sin Oy, (3.6a)

d(t) < 1 cos jun — /12 — 17 + 17 cos” (3.6b)

where 0y, denotes the minimum elevation angle at the CV and py, denotes the max-
imum satellite boresight angle.

In scenarios where satellite links are not obstructed by surrounding objects, such
as rural or open areas, the elevation angle constraint in Eq. (3.6a) and the boresight
angle constraintin Eq. (3.6b) are interrelated. As illustrated in Fig. 3.2a, the minimum
elevation angle can be determined by the maximum boresight angle, given by
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(a) Elevation angle and boresight angle constraints.  (b) High-rise building blockage constraints.

Fig. 3.2 Tllustration of LEO satellite coverage

rg oS (By)

sin (i) = (3.7

In contrast, in urban environments with dense high-rise buildings, satellite links may
be blocked by surrounding structures, and the minimum elevation angle is mainly
affected by the building height and inter-building distance rather than by satellite
boresight angle. Consider an urban scenario with a maximum building height A,
and a minimum inter-building distance I, as illustrated in Fig. 3.2b, the minimum
elevation angle should satisfy

Om = arctan (hy/(0.51;)) (3.8)

to guarantee that CVs between the buildings can be covered by LEO satellites.

3.1.3 Number of Satellites on One Orbit

To ensure continuous satellite coverage along each orbit, the number of LEO satellites
deployed on a single orbit must be sufficiently large to avoid coverage gaps between
adjacent satellites. This subsection derives the minimum number of satellites per orbit
required to guarantee uninterrupted coverage under the elevation angle constraint
introduced in the previous subsection.

Given the minimum elevation angle 6y,, the effective coverage of a single satel-
lite along the Earth’s surface can be characterized by the Earth central angle ¢, as
illustrated in Fig. 3.2a. The angle ¢ is defined as the angle subtended at the Earth’s
center between the satellite and a CV located at the edge of the satellite coverage
region, and is given by

¢ = arcsin (dmax €OS O /7) . (3.9
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Here, dimax denotes the maximum allowable satellite—CV distance constrained jointly
by the minimum elevation angle and the maximum satellite boresight angle, expressed
as

dmax = min (\/r2 — ré + r% sin? Oth — g Sin Oy, ¥ COS [hih — \/ré —r2 4+ r2cos? /Lm)

is the maximum allowable satellite-CV distance under elevation angle and boresight
angle constraints.
Then, the coverage area of one LEO satellite can be expressed as

S =2mri(1 — cos¢). (3.10)

To avoid coverage gaps along an orbit, the minimum number of satellites required
on one orbit is given by

Muin = [7/51. (G.1D)

When the actual number of satellites deployed on an orbit exceeds M, the
coverage regions of adjacent satellites overlap, where the overlapped coverage angle,
denoted by &, can be expressed as

2
Mmin

£=2¢— , (3.12)
quantifying the redundancy in satellite coverage along the orbit. This overlap plays an
important role in improving service availability and robustness, and will be exploited
in the subsequent performance analysis.

3.1.4 Number of Orbits in Satellite Constellation

In this subsection, we investigate the minimum number of orbits required in a LEO
satellite constellation to guarantee seamless global coverage. Unlike the number of
satellites per orbit, which determines coverage continuity along an orbit, the number
of orbits directly governs coverage continuity across different longitudes, which
varies with the orbit inclination angle.

We first consider polar-orbit constellations with an inclination angle of o« = 7 /2,
as illustrated in Fig. 3.3a. Due to the symmetry of polar orbits, seamless global cov-
erage can be ensured by guaranteeing uninterrupted service for CVs located on the
equator, which represents the worst-case coverage scenario. Consider a CV located at
point A on the equator. As derived in Sect. 3.1.3, the angle between two adjacent satel-
lites on the same orbit is 277 / M. Accordingly, the Earth-centered angles between
point A and two adjacent satellites s; and s, satisfy Zs;0A = £s,0A = 7w/ M.
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To avoid coverage gaps, the coverage regions of satellites s, s», and a satellite s3 on
the adjacent orbit must intersect at a common point / or exhibit sufficient overlap.
In this case, the condition of satellite s3 should satisfy

T . dmax
U ) + cos §i|> + arcsm(T cos Gth> .
(3.13)

/5350A <A+ = arccos(l — [cos(

min

Considering the inherent symmetry of polar orbits, if one hemisphere is seam-
lessly covered by ascending satellites, the opposite hemisphere will be covered by
descending satellites on the same orbits. As a result, the minimum number of orbits
required for seamless global coverage in a polar-orbit constellation is given by

T

arccos (1 — [cos(M”—J + cos {D + arcsin (dL cos Gth)

Nuin = (3.14)

r

We next consider general inclined-orbit constellations with inclination angle o #
7 /2, as illustrated in Fig. 3.3b. In this case, both ascending and descending satellites
can simultaneously provide coverage for the same geographic region. Consider a
constellation characterized by inclination angle «, number of orbits N, number of
satellites per orbit M, and inter-orbit phasing parameter F. At a given time instant,
the position of a reference satellite in the ECEF coordinate system can be denoted by
(wo, o), wo € [0, 27), ¢ € [0, 27), as shownin Fig. 3.1b. Accordingly, the position
of satellite S in the constellation is given by

(a) Polar orbits (@ = F) (O: the Earth center.
s1, 52, and s3: LEO satellites. A: the center of

(b) Inclined orbits (@ # %) (Orange lines: ascend-
ing satellite orbits. Blue lines: descending satellite

the coverage overlap area of s; and s,. I: the
intersection of three satellites’ coverage areas. The
blue curves represent the satellite orbits, and the
pink circles represent satellite coverage areas.)

orbits. Green line: the Earth Equator. Yellow cir-
cles: the coverage areas of ascending satellites.
Cyan circles: the coverage areas of descending
satellites.)

Fig. 3.3 LEO satellite coverage with different inclination angles
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2 2n F 2
(w5, ¢5) = ((a)0+n-ﬁ) mod 27, (¢0+n- +m-—) mod 271),

MN M
(3.15)

wheren € {0,..., N —1}and m € {0, ..., M — 1} index the orbit and satellite in
the orbit, respectively.

For an arbitrary point A on the Earth with ECEF coordinates (w4, ¢4), w4 €
[0, 27), ¢4 € [0, 27), the Earth-centered angle between point A and a satellite S is

(3.16)

/AOS = arccos <xAx“ t YAy F ZAZ&) ,

I'rg

where (x4, ya,z4) and (x;, ys, zg) are obtained from (3.4) for point A and
satellite S.

Seamless coverage is achieved if, for any (wy, ¢9) and any point A, the Earth-
centered angle to the closest satellite is no greater than ¢. This condition can be
expressed as the optimization problem to find the minimum number of orbits Npj,.
Mathematically, this is represented as:

max min ZAOS < = min max f(ws, ¢s) > cosc, 3.17
@0,P0,@A,Pa W5, Ps =¢ @0,P0,0a,P4 W5, P f( ] ¢ ) ¢ ( )

where
S = (xaxs + yays +zazs)/(rre) (3.18)

= cosa sin (wy — w;y) sin (g — Pa) + sin” & sin s sin g,

+ cos (wa — @) (cos gy cos P4 + cos” o sin @y sin gy ).

By analyzing the first-order optimality conditions, the ideal position (@}, ¢}) of the
closest satellite to point A can be derived, given by

O =¢a or T — s+ 2km, k € {0, 1},

wa + 2km, if ¢F = Pa,
M *
. cosasin(2¢,) if ¢S =T —¢s+ 2k and
Wy — arcsin ~BoSNE0) 4 Hp .
wf =1 [—sin? gy sin‘ar T cos? o sin® g, — cos? gy > 0,

if ¢f =7 — s+ 2km and

wp — (71 — arcsin M) + 2k, s 5
cos” & sin“ ¢4 — cos” ¢y < 0.

—> "
1—sin? ¢4 sin’ o

Since satellite positions are discrete, the actual closest satellite (w}, ¢;) is selected
as the nearest feasible point in the constellation, given by
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*— N
n = round(%) , (3.19)
% ; 2nF
C_ o —n' - ZENM
m = round(@3 %o ) ) ,
2

2
w, = (wo+n"- Wn) mod 27,

2n F 2
/ / /
C= +n-——+m - —)mod 2x.
o, = (¢o AN i )

The subsequent step involves determining ming, g,.ws.¢4 f @) .¢)- Due to the
rounding operations in (3.19), the optimization problem does not admit a closed-
form solution. Therefore, a linear search over (wy, ¢g, w4, $4) is employed to obtain
the minimum value of f/|(y ¢y, denoted as f*. By ensuring that f* > cos ¢, the

minimum number of orbits N, required for seamless coverage can be determined.

3.1.5 Performance Evaluation Under Different Satellite
Constellation Parameters

In this subsection, we evaluate the impact of key satellite constellation parameters
on the propagation delay and coverage characteristics of LEO satellite—CV commu-
nications. The default satellite orbital parameters are listed in Table 3.2.

We first examine the impact of Earth rotation on propagation delay and satellite
coverage duration, where CVs are always associated with the closest available satel-
lite. Figure 3.4a illustrates the propagation delay experienced by a CV located at
(Bu» Yu) = (0,0). When Earth rotation is ignored, successive satellites on the same
orbit yield identical delay performances, as their relative motion with respect to the
CV is periodic and symmetric. Since 20 satellites on one orbit can guarantee no cov-
erage gap between adjacent satellites in both cases with elevation angles equal to 10°
and 20°, the elevation angle threshold does not affect the experienced propagation
delay. In contrast, when Earth rotation is considered, the relative geometry between
the CV and satellites continuously evolves, resulting in distinct delay performances

Table 3.2 LEO satellite orbital parameters

Orbit altitude 550 km

Number of satellites on one orbit 20

Initial angles (wo, ¢o) (0,0)

Earth rotation angular velocity Awg 7.292 x 10 3 rad/s
Velocity of the satellite on its orbit 7.62 km/s

Default CV location

(Bus Vu) =(0,0)
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Fig. 3.4 LEO satellite-CV communication propagation delay with and without Earth rotation (with
inclination angle of 7 /4)

for different satellites on the same orbit. The dashed segments in Fig. 3.4a indicate
time intervals during which the CV is not covered by any satellite on the given orbit,
revealing that Earth rotation can introduce intermittent coverage loss even when
orbit-level coverage is guaranteed. Moreover, reducing the elevation angle threshold
increases the satellite coverage duration by enlarging the effective coverage region.
Similar trends are observed for a CV located at (8, y,) = (i /4, 7/4), as shown in
Fig. 3.4b. In this case, Earth rotation induces a daily periodic variation in propagation
delay, highlighting its non-negligible impact on satellite—CV link dynamics.

Figure 3.5 illustrates the joint impact of orbit inclination and propagation delay
constraints on satellite coverage duration. Here, the term “connected” indicates that
a CV is covered by a LEO satellite when the elevation angle and boresight angle
constraints are satisfied. The terms “< 5 ms” and “< 3 ms” further impose addi-
tional propagation delay requirements, meaning that a satellite service is considered
available only when the propagation delay is less than 5 ms or 3 ms, respectively.
These thresholds reflect the diverse delay requirements of different CV services. The
results indicate that coverage duration varies significantly with CV location under
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Fig. 3.5 Satellite coverage duration affected by Earth rotation
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Fig.3.6 Validation on the required number of orbits and satellites per orbit (CV location: (B, y,) =
0, 0))

the same satellite constellation. For a CV located at (0, 0), the coverage duration gen-
erally decreases as the inclination angle increases when Earth rotation is taken into
account. In contrast, for a CV located at (7 /4, 7 /4), satellite coverage is achievable
only for specific inclination angles. Overall, accounting for Earth rotation substan-
tially reduces the practical coverage duration compared with idealized scenarios that
neglect Earth rotation, underscoring the importance of realistic constellation model-
ing.

Figure 3.6 demonstrates how the number of orbits and the number of satellites
per orbit jointly affect the propagation delay performance. For polar-orbit constella-
tions, seamless coverage is achieved with 9 orbits and 13 satellites per orbit, whereas
inclined-orbit constellations with @ = /4 require seven orbits with thirteen satel-
lites per orbit. When the constellation parameters fall below these thresholds, time
intervals with zero propagation delay appear, indicating loss of satellite connectiv-
ity. These observations validate our analysis on the required number of orbits and
satellites per orbit for seamless coverage.

Figure 3.7 illustrates the relationship between elevation angle constraints, cov-
erage overlap, required satellite density, and propagation delay. Specifically, the
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Fig.3.7 Required number of satellites per orbit and the corresponding maximum propagation delay
under different elevation angle thresholds and coverage overlap angles, with an orbit inclination
angle of /2

required number of satellites on each orbit to avoid a coverage gap is shown on
top of each bar in the figure. When the elevation angle threshold 6, is small, as
in rural or open environments with minimal blockage, each satellite covers a larger
area, leading to larger maximum propagation delays but requiring fewer satellites per
orbit. As Oy, increases, which may occur in urban environments, the satellite cover-
age area decreases, resulting in more satellites required on each orbit with a smaller
propagation delay. Similarly, increasing the coverage overlap angle & improves link
robustness and reduces propagation delay at the cost of deploying more satellites.
Finally, Fig. 3.8 indicates the impact of constellation size on the coverage duration
in each day under a strict propagation delay constraint of 3 ms. The results show that
when the number of orbits is small, adding an orbit is more effective in extending
coverage duration than adding satellites within an orbit. For example, in Fig. 3.8a,
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Fig. 3.8 LEO satellite coverage duration with different orbits and satellite numbers
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when the orbit number is 9, increasing the orbit number leads to a larger coverage
duration enhancement than adding one satellite on the same orbit. Nevertheless, when
the number of orbits is relatively large, increasing the number of satellites per orbit
becomes the dominant factor in enhancing coverage duration.

3.2 Analytical Modeling of Communication Performance

In this section, we investigate the analytical model of communication performance in
STVNs by quantifying the impact of satellite orbital parameters on key performance
metrics, including service availability, outage probability, and system throughput.
Building on the constellation modeling and coverage analysis in Sect. 3.1, we focus
on how satellite mobility shapes the time-varying link characteristics experienced
by CVs. Since vehicle mobility is relatively slow compared with the orbital motion
of LEO satellites, we mainly focus on the impact of satellite mobility in the perfor-
mance analysis, allowing us to isolate and highlight the dominant effects of satellite
dynamics.

3.2.1 LEO Satellite-CV Service Availability

In this subsection, we analyze the service availability of LEO satellite—CV com-
munications by characterizing the probability that at least one satellite can satisfy
the communication distance constraint at a given time instant. Based on the satellite
motion model in Sect. 3.1.1, the satellite position can be expressed as a function of
w(t) and ¢ (¢). For notational simplicity, the explicit dependence on time is omitted,
and the satellite—CV distance is rewritten as a function of ¢ and w, given by

d(¢,w) = (rz + ré — 2r[xu(cos¢cosa) — sin¢ sinw cos &)
1

~+ v, (cos ¢ sin @ + sin ¢ cos w cos @) + z,, Sin ¢ sin cx]) ’ (3.20)

For a given orbit inclination angle « and Earth rotation angle w, the satellite orbit
is fixed. Different satellites on the same orbit correspond to different values of ¢,
leading to different satellite—CV distances. The minimum distance between the CV
and any satellite on the orbit can be obtained by solving

4@ ) _

5 0, (3.21)
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which yields
1

1+ ( Xy COs w+y, sin w )2

Zu Sin o —Xx,, sin @ cos a+y, COs @ Cos &

sin® ¢ = (3.22)

LettingU = x, cosw + y, sinwand Q = z,, sina — x,, Sinw cos« + ¥, COS @ COs &,
we have
¢ = arcsin (Q/,/ 02+ U2) . (3.23)

The minimum satellite—CV distance for a given ¢ and w is

dMn = \Jr2 412 —2r (Ucos¢ + Qsing) = /r2 +r} —2ry/Q? + U2 (3.24)

If d;";'} > dmax, NO satellite on the orbit can satisfy the communication distance
constraint, and the orbit is not feasible. We then characterize the probability that a
satellite orbit is feasible, i.e., the minimum satellite—CV distance on the orbit does

not exceed dpax. This probability is denoted by P? and given by

P2 =Pr(d™ < dpay) - (3.25)

a

The following proposition characterizes P; for both polar and inclined orbits.

Proposition 3.1 Define U = x,, cosw + y, sinw and Q = z, sina — x,, Sin @ cos
o + y,coswcosa, as functions of w. Let w; and w, be the two solutions to
2

2 2— 2 . . . .
Q*+U? = % . For a constellation with N evenly spaced satellite orbits,

the probability that at least one orbit is feasible is given by

E

Mozl g = T and |y — ws| <

f:d
b4 2 N’
R FE S Bt DO AR CED
=52, ifa < Fand o) — o] < 57,
1, ifoz<%and|w|—a)2|>%”.

Proof The probability of a satellite orbit being feasible (i.e., the minimum satellite-
CV distance can satisfy the maximum allowable distance constraint) is given by

. 2 2 _ d2 2
P =Pr(dyly < dmax) =Pr <Q2 +U* > <—r ki r‘; ““‘“) :
’ r
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When o = %, we have U = x, cosw + y, sinw and Q = z,. Therefore, we have
U? + Q% = x2 — x2sin® w + y? sin’ @ + 2x,y, cos wsin » + 2>

rl%+Z124> r2+r]%_dr%1ax ?
2 - 2r ’

2 2
%2 —
= X, Y, sin 2w + MTyuCOSZw—i-

Note that the solution to p sinx + v cosx = k is

K
/M2+v2

i Xa=Yi Parg—d, \* it
Letting & = X, yy, v = 5 LKk = 5 i — =3 “

x = 2nm = arccos ( ) + arctan(ﬁ).
v

, we can derive the two solu-

. . 2 2 ri4ri—d> 2
tions w; and w, to the equation Q° + U~ = | —5—" ) as

1
w; = _5 (arccos (\/ﬁ) -+ arctan (%))
arccos ; 4+ arctan <E> .
/MZ + V2 V
r2+rl€7dr€mx )2

In general, for inclined orbits with @ < /2, equation Q% + U? = < L

| —

wy =

also has two solutions w; and w,. Only when w € [min(w;, w,), max(w;, wy)], it is
possible that satellites on the orbit can satisfy the communication distance constraint
to provide CV services. Therefore, we have

2r 2 2

2 arccos +>
P;:Pr(Qz_i_UzZ(rz—i-ré_dI%]ax) >= |CU1_CL)2| — (\/ltzﬂ-v- .

When there are N satellite orbits, we consider the maximum orbit separation, i.e.,
the adjacent two orbits are separated by 7 /N for polar orbits and 27r /N for inclined
orbits. Therefore, the probability of having at least one feasible satellite orbit can be
obtained. |

When an orbit is feasible, i.e., w € [min(w;, w,), max(w1, w,)], a satellite on the
orbit is available for the CV only when its orbital angle ¢ satisfies

d(¢, ) < diax. (3.27)
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Letting = —x,sinwcosa + y, coswcosa + 7, sino, vV = X, COS® + y,

r2+r]%7dr%1:\x 111 1
—s the above condition can be rewritten as

sinw, and k =
using +vcos¢ < k. (3.28)

With M satellites uniformly distributed on the orbit, the probability that at least
one satellite on the feasible orbit satisfies the distance constraint is given by

M|p) — ¢ 2
Py =Pr(d(¢p, ©) < diay | ©) = 2w 1 TRlSh o)
1, 61 — ¢l > 32,
where
¢1 = — arccos e + arctan(ﬁ> ,
Vi +v? v
¢2 = MCCOS(ﬁ) + arctan(%) .

Combining the orbit-level feasibility and the satellite-level availability probabil-
ities, the overall service availability of LEO satellite—CV communication is given
by

P,y =P} -P. (3.30)

3.2.2 LEO Satellite-CV Outage Probability

When the satellite-CV distance is smaller than dy,,, the elevation angle and boresight
angle constraints are satisfied, and the satellite service is considered available in
the geometric sense. Beyond link availability, CV services must satisfy minimum
throughput requirements. A service outage occurs when the achievable link capacity
falls below the required throughput. Considering satellite-CV communications over
an additive white Gaussian noise (AWGN) channel with free-space path loss, the
link capacity can be calculated using the Shannon formula, given by

(3.31)

G, G, 2
Ci = By log, <1+ 11Gripic )’

(47 f1)202d?

where G, ; and G, are the transmit and receive antenna gains, B is the bandwidth,
p1 is the transmit power, c is the light speed, f; is the carrier frequency, and o2 is
the noise power.
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Proposition 3.2 Denote by R, the required LEO satellite-CV throughput. Con-
ditioned on the satellite-CV distance being smaller than dp.x, the service outage
probability is

a2 — G11Grapic?
. ‘max (4r fi)202 (2Re1/Biy
P,y =min | 1, max | O, > (2 )
dz.. —h

max
Proof service outage occurs when C| < R, ;. Conditioned on d < dyax, We have
Po,l =Pr (Cl < Rz,l |d < dmax) =Pr (d > dr,l |d =< dmax) P (332)

where the distance threshold d, ; is obtained by solving C; = R, ;, yielding

Al Gt 1(;r1plc2
g A, GuGume 3.33
! m "7 Gnfie? o

Thus, the throughput requirement is satisfied only if the satellite-CV distance d < d; ;
to avoid service outage. Under the spherical geometry model, the set of satellite
positions satisfying d < x forms a spherical cap on the satellite orbit sphere. Let
S(x) denote the area of this spherical cap for a distance threshold x, given by

2 2
Sy = 2 +hr)E(x ") (3.34)

Then, conditioned on d < dy., the outage probability equals the fraction of the

geometrically available region that does not satisfy the throughput constraint, given

by

P .= S(dmax) - S(dt,l) _ dr%lax - dt21
o S(dmax) - d2 - h2 ’

max

(3.35)

Finally, boundary cases are handled as follows. If ;| < h, even the closest satel-
lite (at distance k) cannot satisfy the throughput requirement, and thus P, ; = 1.
If d;,1 > dmax, the throughput requirement is satisfied whenever the geometric con-
straints are met, and thus P, ; = 0. Overall, the satellite-CV service outage proba-

bility is
d2 _ d2
P,y = min(l, max <0, H)) : (3.36)

max
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3.2.3 LEO Satellite-CV Throughput

Building on the service availability analysis in Sect. 3.2.1 and the outage probability
characterization in Sect. 3.2.2, we define the achievable LEO satellite-CV throughput
as the data rate that can be successfully delivered without service outage. Specifically,
for a satellite-CV link with transmission rate R, the achievable throughput is given
by

Py R, Re[0,RL,].
AL p2
N=Pa(d=PD)R=pP, =R Re[RL,R]  G3D

0, R € [R2,, 0],

max’

where R! = Blog, (1 + d/g‘ ) and R2 = Bjlog, (1 + %) The expression
reflects the tradeoff between increasing the transmission rate and the resulting outage

probability.

Proposition 3.3 Fora LEO satellite-CV link with transmission rate R, the maximum
achievable throughput is obtained when R = B log,(1 + dAZ—‘), vielding

Ay
Tl,max= a,lBllogz 1+d2_ .

max

Proof or R € [0, ernax], the outage probability is zero and 7 increases linearly with

R.For R € [R! ernax], differentiating (3.37) with respect to R, we can have

max’

aT, P, A RIn2 2R/Bi
oh _ 1 [ ! (1_ n )—hz]. (3.38)

R dl, —h% [2R/BI ] B, 2R/BI _1

By analyzing the monotonicity of the term f(x) = % where x = E%, we have
'@)=—=(2"-1—-xIn2).
f (x) (2x — 1)2 ( X )

Since 2* — 1 —x1In2) =2*In2 —In2 > O whenx > 0, we have f monotonically
increases with x. When x is approached to 0, we have

. x(14+xIn2+o(x)) 1
fx) = xIn2 4+ o(x) — [x—)O]E.

(3.39)
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In this case, it can be shown that

0Ty Pa, Ay 1 RIn2 2R/B 2
R d2, —h* [2R/Bi—1 B, QKB _1)

max

<t A | 2. | <0
. —In2. — ) — < 0.
=42 _p2 | 2R/BI ] In2

max

Therefore, T} decreases monotonically with R when R > R}, and the maximum

throughput is achieved at R = R! |

max*

When n CVs are simultaneously served by the same LEO satellite using orthog-
onal channel resources, the overall achievable throughput is

d2 _ d2
T\, =nP, (1 — min <1, max <0, M))) R, (3.40)
s 5 d2 _ h2
max
Ay
di, = R 1" (3.41)

In this case, the satellite-CV distance must be no greater than d, ,, to avoid service
outage. Similar to the single-user case, the maximum overall throughput is achieved

when nR = B, logz(l + d?—‘), given by

where

A
Tl,max = Pa,lBl 10g2 (1 + d2_1> . (3.42)

max

3.2.4 Performance Evaluation of LEO Satellite-CV
Communications

We evaluate the performance of LEO satellite—CV communications in terms of ser-
vice availability, outage probability, and system throughput under different satellite
constellation parameters. The default satellite communication parameters are listed
in Table 3.3.

Table 3.3 LEO satellite communication parameters [5]

Carrier frequency f1 |20 GHz Transmission power pj 10W
Bandwidth B; 500 MHz Noise power o2 -117 dBW
Transmission 32 dBi Receiving antenna gains | 34 dBi
antenna gains Gy | G
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Fig. 3.9 LEO satellite-CV communication service availability with different orbit inclination
angles and CV latitudes

Figure 3.9 illustrates the LEO satellite—CV service availability for different orbit
inclination angles and CV latitudes. As shown in Fig. 3.9a, polar orbits provide
superior coverage for CVs located at high latitudes. Moreover, increasing the number
of orbits can significantly improve the service availability. In contrast, with the orbit
inclination angle of 53° as shown in Fig. 3.9b, inclined orbits offer better coverage
for CVs at low latitudes compared with polar orbits. These results indicate that,
to achieve uniformly high service availability across both high- and low-latitude
regions, a hybrid constellation design combining polar and inclined orbits should be
adopted.

Figure 3.10 depicts the impact of the minimum elevation angle 6y, and the required
satellite communication data rate R, | on the service outage probability. For a given
O, the outage probability increases with R, i, since a higher data rate represents a
stricter constraint on the maximum allowable satellite—CV distance. On the other
hand, for a fixed R, ;, increasing 6y, leads to both reduced service availability and
higher outage probability. When R; ; is below a certain threshold, the outage probabil-
ity remains 0, whereas excessively large values of R, | result in an outage probability
of 1.

Figure 3.11 presents the achievable LEO satellite—-CV throughput for different val-
ues of 6y, and transmission rate R. The throughput first increases and then decreases
with R, which is consistent with the theoretical analysis in Sect. 3.2.3. Specifically, a
small R limits the data rate, while a large R significantly increases the outage prob-
ability, both leading to a low throughput. When 6y, is small, the outage probability
is high, as observed in Fig. 3.10; when 6y, is large, the satellite availability proba-
bility decreases, as reflected by the reduced slope of the increasing portion of the
throughput curve. Both cases degrade the overall throughput. Comparing Fig. 3.11a,
b, increasing the number of orbits enhances the satellite availability probability and
mitigates the impact of 6y, on service availability, thereby improving the achievable
throughput. These results suggest that the transmission rate R and the elevation angle
threshold 6y, should be jointly optimized to maximize the overall LEO satellite—-CV
throughput.
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Fig. 3.11 LEO satellite-CV communication throughput with different 6, and R

3.3 Impacts of Terrestrial Deployment on STVNs

Building on the analytical modeling of LEO satellite—CV communication perfor-
mance, we extend the study to STVNs by examining the impact of different terrestrial
network deployment strategies on STVN performance.

3.3.1 Terrestrial Network Deployment Strategies

In terrestrial CV networks, the deployment of RSUs is closely related to road layouts.
To capture this dependency, we consider two representative road geometries, as
illustrated in Fig. 3.12. Specifically, Fig. 3.12a depicts a parallel-road layout with an
inter-road spacing of o, while Fig. 3.12b shows a crossed-road layout with the same
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(a) Parallel roads. (b) Crossed roads.

Fig. 3.12 Two different road layouts

spacing o. Based on these road layouts, we consider three typical terrestrial RSU
deployment strategies:

¢ 1D Poisson point process (PPP): RSUs are deployed along roads according to a
one-dimensional PPP.

e 1D equal-interval: RSUs are deployed along roads with equal distance separa-
tions.

e 2D PPP: For comparison, we further consider a scenario where RSUs or cellular
base stations (BSs) are deployed over a two-dimensional area following a PPP,
independent of the road layout [6]. For notational consistency, the term RSU is
used to represent both RSUs and BSs.

By combining the road layouts and RSU deployment strategies, five terrestrial
deployment cases are considered:

Case a: 2D PPP RSU deployment with intensity A,.

Case b: 1D PPP RSU deployment on parallel roads with intensity Ap.

Case c: 1D PPP RSU deployment on crossed roads with intensity Ac.

Case d: 1D equal-interval RSU deployment on parallel roads with intensity Aq.
Case e: 1D equal-interval RSU deployment on crossed roads with intensity Ae.

In Case a, the number of RSUs in a unit area follows a Poisson distribution with
parameter A,, and the probability that no RSU exists within an area of size ¢ is given
by e, In Case b and Case ¢, where RSUs are deployed along roads according to
a 1D PPP, the probabilities that no RSU exists within a road segment of length / are
e ™! and e* respectively.

In Case d and Case e, RSUs are deployed with equal intervals, where the inter-
RSU distances are I4 = 1/Aq and I, = 1/A., respectively. In this case, the probability
that no RSU exists within a road segment of length / can be expressed as

A = 0, 1A —1 3.43
.fN(?)_maX(aT>a ( )

which yields fx(Aq,/) and fx (A, [) for Case d and Case e, respectively.
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3.3.2 Service Outage Probability and Throughput

For terrestrial RSU-CV communications over an AWGN channel, the achievable link
capacity calculated by the Shannon formula can be given by

G2Grapac?

C,=Blo 1+ —, 3.44

2 2 g2 ( (47Tf2)20—2dap ( )

where G, », G2, B2, p2, f2, ap, and o? denote the transmit antenna gain, receive

antenna gain, channel bandwidth, transmit power, carrier frequency, path-loss expo-

nent, and noise power, respectively.
To satisfy a target terrestrial data rate R, , the condition C; > R,, must hold,
which leads to the maximum allowable RSU-CV communication distance, given by

1

d<d = A B 3.45
=~ U2 — m ) ( . )
where 5
G, G,
Ay = p2Tn2Pc (3.46)
(47 f2)%0?

For a CV, a terrestrial service outage occurs when no RSU is available within a
distance of d; ; from the CV. Note that for 1D RSU deployments along roads, RSUs
on adjacent roads should also be taken into account. Accordingly, the service outage
probabilities for different RSU deployment cases are derived as

pi, = s’ (3.47a)
d, -
Pb, = =22 l—[L lz/QJ e /a G0 (3.47b)
i
ldi2/0] )
Rl I P O (3.47¢)
e |27 | A | d2*e | ="
X/ —(1_[ ¢ 7 g2/ d}y—(io+e)? 1_[ ¢ ek d’«z_(lg_e)z)dé,
0o © i=0 =1

P = fuGha 2 [0 (fN (xd, 2\/Tg))2>) (3.47d)
P = fi(re2d2) [T (fN (ke, 2% — (,Q)z)) (3.47¢)
e |22
(T ' (xe,zm)
xl_[ o (xe,z d? —(zg—e)2>>de
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The average throughput of a terrestrial RSU-CV link is defined as the data rate
from RSUs to the CV without service outage. In Case a, suppose that an RSU
simultaneously serves n CVs with a transmission rate R for each CV. The resulting
average aggregate throughput can be expressed as

A 2/ap
T} =nR (1 — ei)""”(z'”?/’%zfl) ) . (3.48)

By letting x = nR, T} becomes a concave function of x. Therefore, the optimal
value of x that maximizes the terrestrial throughput can be obtained by solving the
first-order optimality condition

aTy
ax

1—

E 2/a x/B:

e_A"”(zx/;ig-]) ' 1+ X2ham Ay " In2 2 22 ) =o.
ap B> (ZX/BZ _ 1) Jop+

(3.49)

which can be efficiently solved using computing software tools such as MATLAB
toolboxes. The corresponding maximum achievable terrestrial throughput is denoted
by T3 .- The maximum achievable terrestrial throughput in Cases b—e can be
obtained following the same procedure.

Assuming that satellite and terrestrial networks operate over orthogonal frequency
bands, the overall service availability of STVNs under terrestrial deployment Case
x (x € {a, b, c,d, e}) is given by

Po=1—PY-(1=P,1-(1—P,). (3.50)

Accordingly, the overall achievable STVN throughput is the sum of the satellite and
terrestrial throughputs for deployment Case x, expressed as

T = Timax + T (3.51)

3.3.3 Performance Evaluation of Different Terrestrial
Network Deployment Strategies

We investigate the impact of terrestrial network deployment strategies on the commu-
nication performance of STVNs through simulations. The number of LEO satellite
orbits is set to three, the orbit inclination angle is 53°, and the minimum elevation
angle is 30°. The default terrestrial communication parameters are listed in Table 3.4.

Figure 3.13 illustrates the terrestrial CV network throughput for different transmis-
sion rates R and numbers of CVs n served by a single RSU. As shown in Fig. 3.13a—c,
although the optimal transmission rate per CV varies with the number of served CVs,
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Table 3.4 Terrestrial communication parameters [7]

Carrier frequency f> |28 GHz Transmission power p; 28 dBm
Bandwidth B, 200 MHz Path-loss exponent ap 3
Transmission 3 dBi Receiving antenna gains 3 dBi
antenna gains G, 2 G2
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Fig. 3.13 Terrestrial CV network throughput performance (Case a: 2D PPP RSU deployment with
intensity Ay = 5 * 1079)
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Fig. 3.14 Impact of RSU deployment intensities (Case a), numbers of satellites, and elevation
angle constraints on the overall service availability in STVNs

the maximum achievable aggregate terrestrial throughput remains the same, which is
consistent with the analytical results in Sect. 3.3.2. As shown in Fig. 3.13d, serving
more CVs with one RSU leads to a reduced achievable throughput per CV, reflecting
the resource-sharing tradeoff among multiple users.

Figure 3.14 depicts the STVN service availability under different RSU deploy-
ment intensities, satellite numbers, and elevation angle constraints. With more RSUs
deployed or more satellites per orbit, the overall service availability improves.
Notably, when the RSU deployment intensity is low and the elevation angle thresh-
old 6y, is small, corresponding to rural scenarios with sparse terrestrial infrastructure,
the service availability improvement introduced by LEO satellites is substantial. In
contrast, in dense RSU deployment scenarios with large 8y,, which can be regarded
as urban environments, the additional benefit provided by LEO satellites becomes
marginal.

Next, we compare the STVN performance under different RSU deployment cases
(i.e., Cases a—e). For a fair comparison, we fix the average number of RSUs within
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Fig. 3.15 Overall service availability in STVNs with different RSU deployment strategies and
intensities (CVs are always on roads, LEO satellite orbit number: 20)

a target square area of size s to ny for all deployment strategies. Accordingly, the
RSU deployment intensities are given by

n

R nRo
)\.az S—Z, )\,bZ)\_dz

s2’

ng Q
Ae = Ae = e

Figure 3.15 shows the overall service availability in STVNs when all CVs are
located on roads. Specifically, Fig. 3.15a corresponds to a high road-density sce-
nario with an inter-road distance of 100 m, which can be regarded as a typical urban
layout, while Fig. 3.15b represents a low road-density scenario with an inter-road
distance of 1000 m. Without LEO satellites, the service availability varies signifi-
cantly with the RSU deployment intensity for all deployment cases. By integrating
LEO satellites, the service availability can be substantially improved, especially in
scenarios with sparse RSU deployment. Among different deployment strategies, 1D
PPP RSU deployments (i.e., Cases b—e) achieve higher service availability than
the 2D PPP deployment (Case a), since RSUs are deployed along roads to more
effectively serve on-road vehicles. In contrast, the 2D PPP deployment achieves low
service availability, particularly in low road-density scenarios, as some RSUs may
be located far from road segments.

Finally, we consider more general scenarios where CVs are not necessarily con-
fined to roads, such as parking areas, airports, or dense urban environments where
RSUs are only deployed along major roads. As shown in Fig. 3.16a, when the road
density is high, 1D on-road deployments (Cases b—e) outperform the 2D PPP deploy-
ment in terms of service availability, since most CVs remain within the coverage of
RSUs. However, in low road-density scenarios, as shown in Fig. 3.16b, the 2D PPP
deployment provides better service availability, since RSUs with 2D PPP deploy-
ment can more effectively serve off-road CVs, whereas 1D on-road deployments
only cover limited areas near roads.
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Fig. 3.16 Overall service availability in STVNs with different RSU deployment strategies and
intensities (CVs are not always on roads, LEO satellite orbit number: 20)

3.4 Summary

In this chapter, theoretical models for LEO satellite—CV communications were devel-
oped. By considering practical satellite constellation parameters and terrestrial infras-
tructure deployment strategies, we model key performance metrics for performance
analysis, including service availability, outage probability, and achievable through-
put. The analytical modeling and numerical results reveal how satellite orbital config-
urations and RSU deployment patterns jointly shape the performance of STVNs, and
demonstrate the performance gains enabled by LEO satellites, especially in scenarios
with limited terrestrial coverage. The modeling in this chapter provides a fundamen-
tal baseline and serves as the analytical foundation for STVN resource management
studied in the subsequent chapters.
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Chapter 4 )
Adaptive Resource Slicing for HD Map e
Distribution in STVNs

Abstract Building on the theoretical modelings for satellite—terrestrial vehicular
network (STVN) performance analysis, this chapter investigates reservation-stage
resource slicing for High-Definition (HD) map distribution in STVNs. Under the
slicing-based two-stage resource management framework, large-timescale resource
reservation is essential for ensuring service continuity and efficiency under time-
varying satellite availability and heterogeneous terrestrial deployment. A joint man-
agement of communication and caching resources is considered across Low Earth
orbit (LEO) satellites and terrestrial base stations (BSs). To exploit the heterogeneity
of satellite and terrestrial networks, two slices are established to support multicast
and unicast transmissions with distinct requirements. Specifically, multicast trans-
missions are enabled by LEO satellites to efficiently disseminate popular HD map
contents, while unicast transmissions are jointly supported by both satellite and terres-
trial networks to serve individualized demands. To cope with spatiotemporal demand
fluctuations, time-varying satellite availability, and multi-dimensional resource cou-
pling, the resource slicing problem is formulated as a long-term optimization prob-
lem, and a hybrid data-model co-driven approach-based two-layer resource slicing
(TLRS) scheme is proposed. In the inner layer, multicast transmission and caching
decisions within each slicing window are determined using a swap-based matching
algorithm. In the outer layer, a hybrid proximal policy optimization (HPPO)-based
reinforcement learning algorithm is employed to dynamically adjust the slicing win-
dow length and reserve communication resources in response to network dynamics.
Simulation results demonstrate that the proposed TLRS scheme can effectively sat-
isfy HD map service requirements while improving resource utilization and reducing
average delay in STVNSs.

Keywords Adaptive resource slicing + High-definition map distribution -
Many-to-many matching + Deep reinforcement learning

Driven by the rapid evolution of intelligent transportation systems, the advancement
of connected vehicles (CVs) necessitates the integration of HD maps as a fundamen-
tal infrastructure. Specifically, High-Definition (HD) maps provide decimeter-level
geographic information, including lane models, traffic signals, and road geometry,
which is essential for precise localization and safe navigation. However, compared
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to traditional digital maps, HD maps involve massive data volumes, making onboard
storage impractical, which necessitates robust and real-time delivery through vehic-
ular networks to fully unlock their potential [1].

As established in previous chapters, although terrestrial networks can effectively
support HD map distribution in urban areas, satellite-terrestrial vehicular networks
(STVNs) are indispensable for achieving ubiquitous coverage in suburban and remote
regions. By integrating low Earth orbit (LEO) satellites with terrestrial base stations
(BSs) and deploying edge servers, STVNs enable low-latency and wide-area data
access for CVs [2]. To guarantee the stringent service requirements of HD map dis-
tribution, resource slicing, as a key technique for service-oriented resource manage-
ment, continues to play a pivotal role in STVNS [3, 4]. Specifically, resource slicing
allows multiple virtual networks, referred to as network slices, to be constructed over
shared physical infrastructure, enabling resource isolation and differentiated service
provisioning. In reservation-stage resource management, network slices are config-
ured by reserving resources over large timescales, which simplifies network man-
agement and mitigates competition among slices. To adapt to time-varying service
demands while maintaining efficient resource utilization, slices must be periodically
reconfigured, where the reconfiguration interval is referred to as the slicing window.
Therefore, this chapter focuses on adaptive resource slicing in STVNs by jointly
reserving communication and caching resources to support HD map distribution for
CVs.

Although resource slicing has attracted substantial research interest, as reviewed
in Chap. 2, several critical challenges remain insufficiently studied in dynamic STVN
environments, particularly for reserving multi-dimensional resources. First, satellite
and terrestrial networks differ in transmission modes and resource utilization, com-
plementing each other in HD map distribution. The top-down multicast capability of
LEO satellites enables efficient distribution of popular HD map contents to multiple
CVs with similar channel conditions, significantly reducing resource consumption
compared to request—response-based unicast transmission. However, multicast trans-
mission of HD map contents is inherently periodic and may introduce additional
waiting time, making unicast transmission still necessary for individual demands.
By contrast, terrestrial networks primarily rely on unicast transmission, which offers
higher flexibility in adapting to heterogeneous channel conditions within a BS’s
coverage. Consequently, jointly managing communication and caching resources
for both multicast and unicast transmissions across satellite and terrestrial networks
becomes highly challenging. Second, STVNs exhibit significantly higher system
dynamics and uncertainty compared to purely terrestrial networks, which fundamen-
tally complicates reservation-stage slice management. Service demands generated
by CVs vary over both space and time due to vehicle mobility, while satellite mobility
introduces additional dynamics through time-varying visibility windows and inter-
mittent connectivity, resulting in fluctuating available resources. As a result, the
resource state in STVNs evolves much faster and more heterogeneous conditions
than in terrestrial networks with relatively stable resources, which enhances the dif-
ficulties in long-term resource reservation and slice configuration. Third, beyond
the increased system dynamics, determining an appropriate slicing window length
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becomes a critical problem in STVNs. A long slicing window may lead to resource
underutilization during off-peak periods, whereas a short window improves adapt-
ability but incurs higher reconfiguration overhead. Although exploiting time-varying
resources can enhance efficiency and reduce operational costs, striking an appropri-
ate balance between reserved resources and slicing window length remains a key
challenge.

In this chapter, we investigate the multi-dimensional resource slicing problem
for HD map distribution in STVNs, aiming to reserve resources across satellite and
terrestrial networks to minimize delay and resource usage while maximizing ser-
vice fulfillment. Motivated by the distinct characteristics of multicast and unicast
transmissions, we design a novel resource slicing architecture that establishes two
collaborative slices to support HD map distribution. To address the complexity arising
from interdependent multi-dimensional resources and slicing window optimization,
we propose a two-layer resource slicing (TLRS) scheme based on a data—model
co-driven approach. Specifically, in the outer layer, a reinforcement learning (RL)-
based algorithm is developed to jointly determine the slicing window length and
reserved communication resources, capturing long-term time-varying resources and
spatiotemporal service demand dynamics. In the inner layer, given the reserved com-
munication resources and slicing window length, a swap-based matching algorithm
is designed to optimize multicast and caching decisions within each slicing window.
The main contributions of this chapter are summarized as follows:

e We investigate reservation-stage resource management in STVNs, where LEO
satellites and terrestrial BSs collaboratively support HD map distribution. Lever-
aging the complementary characteristics of multicast and unicast transmissions, we
design a resource slicing architecture with two cooperative slices and formulate a
multi-dimensional resource slicing problem that jointly optimizes communication
resources, caching decisions, and slicing window length.

e We propose a TLRS scheme to enable adaptive multi-dimensional resource slicing
in STVNs. By decoupling the original problem into two subproblems, the outer
layer focuses on long-term slicing window and resource reservation decisions,
while the inner layer optimizes multicast and caching decisions within each slicing
window, which reduces the complexity of sequential decision-making.

e We develop a hybrid proximal policy optimization (HPPO)-based RL algorithm
to jointly determine the discrete slicing window length and continuous communi-
cation resource reservation at the beginning of each slicing window to minimize
the long-term system cost. Based on these decisions, a swap-based matching algo-
rithm is further designed to efficiently optimize multicast and caching strategies
within each window.

The remainder of this chapter is organized as follows. Section4.1 introduces the
network scenario, slicing architecture, and system models. The problem formulation
and the proposed TLRS scheme are presented in Sect.4.2. Section4.3 develops the
swap-based matching algorithm for multicast and caching decisions, followed by the
HPPO-based RL algorithm for resource reservation and slicing window determina-
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tion in Sect. 4.4. Performance evaluation is provided in Sects. 4.5, and 4.6 concludes
this chapter.

4.1 Network Scenario and System Model

4.1.1 Scenario Description

In this chapter, we consider an STVN scenario that includes urban and suburban
environments. CVs in the target area can be served by either terrestrial BSs or LEO
satellites to receive HD map files [5]. Each CV generates location-specific requests for
HD map files, and the demands may vary across different vehicles. The overall delay
for receiving an HD map file is required to be no greater than D™**, with the service
violation probability constrained by a predefined threshold €. Let ¥ = {1, ..., F}
denote the set of all HD map files associated with the target area, where each file has
a data size of k. A content server, located remotely, stores all HD maps for the area.

Denote the sets of terrestrial BSs and LEO satellites by 8S and S, respectively.
LEO satellites are equipped with steerable antennas and can direct beams toward
the target area when the elevation angle constraint is satisfied. Let AP = BSU S
represent the set of all access points (APs), where each AP is equipped with an edge
server with caching capabilities for data storage. For each AP ap € AP, the available
resources are characterized by B,,, where r € r = {cm, ch} denotes communication
bandwidth and caching capacity, respectively. An SDN controller is deployed to
centrally and adaptively manage the multi-dimensional resources of all APs serving
the target area in STVNSs.

4.1.2 Slicing Architecture for STVNs

To efficiently distribute HD map files in STVNs while satisfying heterogeneous
service requirements, a resource slicing architecture is adopted to enable service-
oriented resource isolation. Due to the intrinsic heterogeneity between multicast and
unicast transmissions in terms of delay sensitivity and resource utilization, sharing
resources within a single slice may lead to inefficient allocation and performance
degradation. Therefore, as illustrated in Fig.4.1, we construct two isolated network
slices by leveraging the complementary characteristics of satellite and terrestrial
networks. Specifically, a multicast slice (MS) is established to exploit the multicast
nature and wide-area coverage of LEO satellites, utilizing only satellite resources
to efficiently distribute popular HD map files. In contrast, a unicast slice (US) is
designed to support individualized and delay-sensitive HD map delivery, leveraging
both satellite and terrestrial BS resources to flexibly adapt to heterogeneous channel
conditions and service demands.
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Fig. 4.1 Resource slicing architecture for STVNs

Resource slicing in STVNs operates in a time-slotted manner. To capture long-
term resource dynamics while avoiding excessive reconfiguration overhead, slicing
decisions are updated over slicing windows indexed by k € {1, 2, ...}. Each slicing
window consists of w; time slots, where each slot t € {1,2, ..., w;} has a fixed
duration 7, where @y < wp,x. We denote the ¢-th time slot in slicing window k by
(k, t). Due to satellite mobility and spatiotemporally varying service demands, the
slicing window length wy, is adaptively adjusted across windows.

Let P(fl;’ denote the position of AP ap at time (k, ¢) in an Earth-centered Earth-
fixed (ECEF) coordinate system. The positions of terrestrial BSs remain fixed, while
the positions of LEO satellites Vary across time slots. Let ak" € {0, 1} denote the
accessibility indicator, where a* p = 1 indicates that AP ap can serve the target
area at time (k, t), and aap = 0 otherwise. Accordingly, let Sk = {ap | Zt 1a >
0, Vap € S} denote the set of satellites that can cover the target area during shcmg
window k, and let AP* = BS U S* represent the set of APs participating in resource
slicing in window k. Slicing decisions for window k are made by the ground controller
at the beginning of the window for all ap € AP, while the actual deployment of
slices depends on instantaneous satellite visibility.

Service requests for HD map files are modeled as a non-homogeneous Poisson
process (NHPP) [6], where the request intensity (in packets per second) varies over
time to capture peak and non-rush traffic periods but remains constant within each
time slot. Let kl;?t denote the aggregate request intensity for file f at time (k, ), given

by )Jj;’ =Y hemsuio) kl,j:tf, where )L’,j:’f represents the request intensity for file f within

the coverage of BS b, and k]{):’f corresponds to requests not within the coverage of
any BS.
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At the beginning of each slicing window, the SDN controller predicts future ser-
vice demands! and determines resource reservation decisions for both slices. These
decisions remain fixed within the slicing window. Let v’;p,x € [0, 1] denote the frac-
tion of communication resources reserved at AP ap for slice x € x = {0, 1} in win-
dow k, where x =0 and x = 1 correspond to the MS and US, respectively. Let
u’;p’f € {0, 1} indicate the caching decision, where u’;p,f = 1 if file f is cached in
AP ap and u}, , = 0 otherwise.

Given the reserved communication resources, the packet transmission rate from
AP ap to CV g under slice x at time (k, t) is

kot k kr y=e|pkt )2
Ekt _ Yap va/;.,Xch (1 + pa‘”G“/”g(lﬂI’,g) p|hap,g| ) ’ 4.1)
K

ap l
px.g — 08,
ap,x.g o2

where p,, is the transmit power, G, . is the antenna gain, / 5131, ¢ is the distance between
AP ap and CV g, p is the path-loss exponent, and o' is the noise power. Considering
urban and suburban deployment environments, where line-of-sight satellite links
may be obstructed, Rayleigh fading is adopted as a simplified model for small-scale

fading in both satellite and terrestrial links, with hflp’ ¢~ CN (0, 1).

4.1.3 Performance Modeling of Network Slices

To characterize HD map delivery in each slice, we model the service process at each
AP as a queueing system. For a requested HD map file, if the file is cached at an AP,
the request is directly handled by a transmission queue [9]. Otherwise, the file must
first be fetched from the remote content server through the backhaul link, followed
by transmission to CVs via the corresponding transmission queue.

Let m* ». ¢ denote the multicast indicator, where mk . r = 1 indicates that file f is
multicast by satellite ap in slicing window &, and m’a‘ ».r = 0 otherwise. Considering
the periodic nature of multicast transmission, let TM denote the interval between two
consecutive multicast events. When a CV generates a request, it will be served at the
next multicast event, resulting in an average waiting delay of TM /2. Moreover, since
the MS is only established over satellites, propagation delay cannot be neglected. In
this case, the average overall delay for delivering file f from satellite ap through the
MS at time slot (k, t) is given by

Q.k,t ™ P.k,t : k —
Dk,t — DC,c;cp,O + TM—'— Dap ) if uap,f - 1’ (42)
ap.0.1 Dg&_’atp’(, + 5+ DLf + DB, otherwise,

1 Service demand prediction is not the primary focus of this chapter. We assume that the demand in
the next wmax time slots can be estimated using existing methods, such as RNN [7] or LSTM [8].



4.1 Network Scenario and System Model 63

Q.k,1
DC,ap,x

and non-cached files, respectively. Meanwhile, D}** and D®" represent the propa-
gation delay and backhaul delay.

For the US, demands are served in a request-response manner without multicast
waiting. The overall delay for delivering file f from AP ap to CVs at time slot (k, )
is given by

DQ,k,t

where and Dyc¢ ,,, , denote the queueing and transmission delays for cached

Q.k,t Pk, if k=
pht 1 PCapa t LapesDyp " gy =1, 4.3)
ap,1,f D]géjp,l + IlapesDSj,k" + DBH  otherwise,

where 1.,,s = 1 if cond is true and 1.,,; = 0 otherwise.

Due to stochastic service arrivals and time-varying wireless channels, it is difficult
to guarantee queueing and transmission delays. Moreover, average delay alone is
insufficient to characterize service requirement satisfaction within each slice. In this
case, to model the statistical delay performance, the large deviation theory can be
employed to evaluate the delay-bounded violation probability [10]. Specifically, the
violation probability of delay D exceeding the maximum allowable queueing and
transmission delay should be less than ¢, approximated as

kot QM kst
P(D = DIyt ~ e AP’ < g, i
Qu.kt \ o —0AKL DI @4)
P(D > DNC ap x) e NCap.x “NCapx < g,

where 6 denotes the exponential decay rate, and the same value of 6 is applied to all
queues. Here, the maximum allowable queueing and transmission delays for cached
and non-cached files can be expressed as

Qubr pmax _ TM _ Dg],}k,t’ ¥ = 0’
DCJIP,X - max Pkt (4.5)
D™ — 1gpesDyyy ', x =1,
DQm,k,l B pmax _ TM _ D[];[,)k,r _ DBH, x = 0, 46
NC,ap,x — Dmax 1 DP,k,t DBH =1 ( : )
= LapeSTap T , X =1

To satisfy the delay violation constraint, the minimum required service rates are
given by

: log(e) ~ log(e)
Amm,k,t — , Amm,k.t I ) (47)
STt endn YT eD

To evaluate the performance of reserved resources in each AP for slices, the
effective capacity, which characterizes the maximum accommodated service rate
[11], is defined as

1 (.t
!
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With a given effective capacity, the bounded queueing and transmission delay can
be expressed as
log(e)
Q.k,t Q.k,t g
DC.up,x = DNCA,ap,x = kit (49)
0Cap,x

According to effective capacity theory [10], satisfying the delay constraint requires

k.t k.t Q.k,t Qwm.k.t
Cap,x z AC,ap,x < DC,ap,x = DC.]\le,x’ (4'10)

k.t k.t Q.k,t Qum.k,t
CHP,X z ANC,up,x < DNC,ap,x = DN]\CA,ap,x’ (411)

for cached and non-cached files, respectively.

When the reserved communication resources are insufficient to satisfy these con-
ditions or accommodate all required service demand, each AP can only fulfill a por-
tion of the service demand. Let Xl;;,x, 7 denote the accommodated service demand
intensity of file f from AP ap in slice x, whose determination will be presented in
Sect.4.3. Note that terrestrial BSs only participate in the US, i.e., ):1;,,;0, ¢ =0forall
ap € BS.

4.2 Problem Formulation and TLRS Scheme Design

In this section, we formulate the long-term resource slicing problem for HD map
distribution in STVNSs and design an efficient solution framework. Specifically, com-
munication resource reservation, caching placement, multicast decisions, and slic-
ing window length are tightly coupled and collectively affect the long-term system
performance. To address these challenges, we first formulate the reservation-stage
resource slicing problem as a long-term system cost minimization problem, and then
propose a TLRS scheme to enable adaptive and low-complexity decision-making in
dynamic STVNSs.

4.2.1 Problem Formulation

Considering the spatiotemporal dynamics of service demand and the time-varying
availability of satellite resources, we aim to minimize the long-term overall system
cost while satisfying the service requirements of HD map distribution. The overall
system cost accounts for resource consumption, service delay, slicing reconfiguration
overhead, and penalties for unmet service demand.

(1) Resource Cost: The resource cost reflects the long-term consumption of com-
munication and caching resources reserved for different slices across BSs and LEO
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satellites. Specifically, the resource cost in slicing window k is defined as the time-
averaged cost of all reserved resources from APs serving the target area, given by

H{® @, vg ap.x> ap 7= Z > aap | 2 5px30m+“0h ,r;pf ’
k=1 apeﬂ?k Yex fer
(4.12)
where o” ap denotes the unit cost of resource type r at AP ap.

(2) Delay Cost: Although the delay requirement for HD map distribution is not
extremely stringent, reducing service latency is still critical for improving the user
experience of CVs. Therefore, we introduce a delay cost to capture the average service
delay incurred by both slices under the reserved resources and multicast decisions.
The delay cost in slicing window k is defined as the average delay weighted by the
accommodated service demand intensity, given by

Z Cl ZDapx)‘apr

)CEX

1 feF apeArt
H(wp, mE ok uk ) = —§ . (4.13)
> "ap, f> Yap,x> Zap, f
Wi =1 Z Z d Z)‘apx f
feF apeAr* XEX

(3) Slice Reconfiguration Cost: At the beginning of each slicing window, the
SDN controller may adjust communication resource reservation decisions to adapt
to changing service demand and satellite availability. However, adjusting reserved
resources incurs slice reconfiguration cost, such as processing overhead. Since releas-
ing resources can be executed with negligible cost, only the cost associated with
increasing reservations is considered. The slice reconfiguration cost in slicing win-
dow £ is defined as

. 1
B vl = o 30 Yl ]t @)

ape AP luAPk xex

where function [-]* represents max{-, 0}.

(4) Service Demand Penalty: When reserved resources are insufficient to accom-
modate all service demands within the required delay bounds, a portion of the demand
remains unmet. To this end, a penalty term is introduced to quantify the time-averaged
unmet service demand intensity in each slicing window, given by

pen k k k
Hy™(or,mg, 1.V, xoUap, ) +
Wi
1 k.t 3
=Ly M- me{kal,lf, apf]+2<ap0f+)\a[11f)
t=1 apeBS apeSy
4.15)

Note that BSs can only serve the service demand within their coverage, while satel-
lites can support all service demand in the target area.
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By combining the above cost components, the overall system cost in slicing win-
dow £ is given by

sys k k k
H (a)kv ap fa apx’ ap f) k
- 'BIHI‘ES(wk’ ava ap f) +ﬂ2H (wka ap f’ ap X ap f) (416)

+ﬂ3HShce(wk’ ap x|vap x) + ﬂ4Hp (a)ka ap f? vap x? ap f)

where B, B2, B3, and B4 reflect the relative importance of different components.
The resource slicing problem in STVNs, aiming at minimizing the long-term
overall system cost, is formulated as

K
PO wkrgln E |: lgnoo — Z H (0, m a,, 1T a,,w Uy, f)j| 4.17)
Wy “”kf k=1
ap.r ap,/
CY omb,<d (4.172)
feF
Z Vipx < Lopeapts (4.17b)
XEX
Z u]!;.”,fK = lapeﬂ?" B[i[l:v (4.17¢)
fer
o € {1, ..., Omax}, V), € 10, 1], (4.17d)
m];p,f € {0, 1}, u];p,f € {0, 1}. (4.17e)

Constraint (4.17a) limits the number of HD map files that can be served via the MS
at each AP, such that it does not exceed the maximum allowable number of multicast
files dfp, whose detailed expression is provided in Sect.4.3. Constraints (4.17b) and
(4.17¢) guarantee the feasibility of resource reservation by ensuring that the total
reserved communication resource ratio at each AP does not exceed 1, and that the
total size of cached files remains within the available caching capacity when the
AP is accessible during the slicing window. Constraint (4.17d) restricts the maxi-
mum slicing window length and enforces that communication resource reservation
decisions take continuous values between zero and one. Finally, constraint (4.17¢)

specifies the binary nature of multicast selection and caching decisions.

4.2.2 Design of TLRS Scheme in STVNs

The formulated problem P0 is a stochastic optimization problem due to the spatiotem-
poral dynamics of service demand and the time-varying availability of resources in
STVNs. Moreover, the lack of future information, combined with the coexistence
of continuous and discrete decision variables, makes the problem highly complex
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and intractable for conventional optimization approaches. Although RL provides
a promising tool for decision-making under uncertainty, directly applying a fully
data-driven RL solution to P0 suffers from large action spaces, slow convergence, as
well as potential hallucination caused by tightly coupled decisions across different
resource dimensions.

By examining the system cost formulation in (4.16), we can observe that the inter-
window coupling effect exists solely from the slice reconfiguration cost in (4.14),
which depends on the slicing window length w; and the reserved communication
resources v’;p’x, while the remaining cost components are confined within individual
slicing windows. This structural property enables an equivalent decomposition of
problem PO into a two-layer optimization framework as

. 1 sys
min E| lim & > H’ (o, my, ¢ oo a)f)
o, mk uk K—o0 k=1 [7 b !
ap.f Vi Uap, 7 < = (4.18)
_ 1 k
= min IE|: lim & > Oi(ax, Ua,;,x):| ,
vk, K—o0 ™ ;T
where
_ . sys k k k
O (i, vF Vapr) = min - H (@, Mgy, ¢, Vg o Uy f)- (4.19)
Map, f-Yap. 1

Motivated by this decomposition, we propose a two-layer resource slicing (TLRS)
scheme to efficiently address the multi-dimensional resource slicing problem in
STVN:s, as illustrated in Fig.4.2. The TLRS scheme consists of the following two
subproblems.

1. Inner-layer subproblem: Caching and multicast file selection. In the inner layer,
the long-term impact induced by slice reconfiguration is isolated. Given the slicing
window length @ and the reserved communication resources f)"jpyx, we aim to
minimize the system cost within slicing window k by optimizing caching and

multicast decisions. This subproblem is formulated as

: Outer layer:

1 Slicing window length and resource reservation decision in all APs
1
1

Algorithm 2: HPPO-based

Environment [—— resource slicing algorithm

[

Caching and
multicast decisions

1
1

! Slicing window length and reserved

: communication resources for each slice
: mapping to each AP
1

1

1

1

Inner layer:
Caching and multicast file selection

Algorithm 1: SBMA for caching !
and multicast file selection :
1

Fig. 4.2 Working diagram of the proposed TLRS scheme in STVNs
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1 k k k
P1  min HkSYS(wk, My ¢ Vap x> Uap, ) (4.20)
Map. f%ap, f
s.t. wp = &, (4.20a)
vk, =1k, .. Vx ex,Vap e AP, (4.20b)

(4.17a), (4.17¢), (4.17¢).

A matching-based algorithm is developed to efficiently solve this subproblem.

2. Outer-layer subproblem: Slicing window length and communication resource
reservation. In the outer layer, we optimize the slicing window length and the
reserved communication resources for both the MS and US, taking into account
the long-term system performance under dynamic environments. The outer-layer
subproblem is formulated as

K
. . 1 sys k k k
P2  min E|:Kh_rgof E H (0, My, ¢ Vg s Ugp f) (4.21)

k
RO k=1

st. (4.17b), (4.17d).

To address the mixed discrete—continuous decision space and capture long-term
effects, an HPPO-based RL algorithm is designed for solving this subproblem.

By integrating RL-based adaptive slice management in the outer layer with model-
based optimization for caching and multicast decisions in the inner layer, the proposed
TLRS scheme effectively balances flexibility and computational efficiency, making
it well-suited for the dynamic and heterogeneous characteristics of STVNSs. In the
following sections, we present the detailed algorithms for solving subproblems P1
and P2 in Sects. 4.3 and 4.4, respectively.

4.3 Matching-Based Caching and Multicast File Selection

In this section, we focus on the inner-layer subproblem P1 in the proposed TLRS
framework. We first derive the accommodated service demand intensity in different
slices, which plays a critical role in evaluating the delay cost and service demand
penalty in the system cost function. Based on this analysis, the joint caching and mul-
ticast file selection problem within each slicing window is reformulated as a many-
to-many matching problem, capturing the mutual preferences between APs and HD
map files under limited communication and caching resources. To efficiently solve
the resulting combinatorial optimization problem, a swap-based matching algorithm
is developed with computational complexity analysis.
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4.3.1 Accommodated Service Demand Intensity Analysis

For the inner-layer subproblem P1, the system cost in each slicing window depends
on how much service demand can be accommodated by the reserved communication
and caching resources. In this subsection, we characterize the accommodated service
demand intensity in different slices, which serves as the basis for evaluating the delay
cost and service demand penalty.

For the MS established at satellite ap, if file f is selected for multicast, the satellite
can simultaneously serve all CVs requesting this file within its coverage area. The
accommodated service demand intensity at time slot (k, #) can be regarded as the
total service demand intensity of file f in the target area, given by

k kit oap Qukt Qwkt
My, A7 if D& gpo = DC,}\:[lp,O’ Ugp = 1,
Tkt _ Q.k,t Qwm.k.t k _
hapo.5 = o D¢ apo < Diapos .y = 0. (4.22)
0, otherwise.

For the US, both satellites and BSs can serve CVs through unicast transmissions,
where the accommodated service demand is constrained by the reserved commu-
nication resources and statistical delay requirements. Based on effective capacity
theory, the maximum service demand intensity that can be accommodated by AP ap
at time slot (k, t) is given by [12]

(4.23)

To satisfy the delay constraints for cached and non-cached files, the effective accom-
modated demand intensities are respectively given by

Tkt o Q.k,t Qm.k,t IN A Q.k,t Qum. k.t
Y- )»ap, if DCW,I < DCW,’], and k0 — )»,,p’ if DNCW,J < DNC,ap,l’
C.ap 0, otherwise, NC.ap 0, otherwise.
(4.24)

Since CVs within the coverage of an AP may request different HD map files, accu-
rately determining the accommodated demand for each individual file under real-time
scheduling is challenging, where a file can be delivered either from the local cache
of an AP or retrieved from the content server. Therefore, for large timescale resource
reservation, we focus on maximizing the total accommodated service demand inten-
sity across all APs and files, given the reserved resources and caching decisions, and
formulate a linear programming problem, given by

P3  max Z ZX’;;” (4.25)

Kap.1.s apeAP* f€F
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St iy < ey (4.252)
feF
Tk, Tk, k,
Z Capo.f T dapr,p) < A7 (4.25b)
ape APk
3k ko 5k, ko N4k,
)La[:,l,f = uap,f)‘c,tap + (1 - uap,f))\'Né’apa (4.25¢)

where constraint (4.25a) limits maximum accommodated service demand intensity
in each AP; (4.25b) constrains the service demand intensity request of each file; and
(4.25c¢) regulates the maximum accommodated service demand intensity in each AP
for a file. Since P3 is a linear program problem, it can be efficiently solved using
standard convex optimization tools such as CVX [13], to achieve the accommodated
service demand intensity from the US in all APs under the given resource reservation
and caching decisions.

4.3.2 Many-to-Many Matching Game Formulation

To solve subproblem P1, we optimize the multicast and caching decisions m’;p’ 7
and u’;p,  for each AP within a slicing window. For notational simplicity, the slicing
window index k is omitted in this subsection, as all decisions are made independently
for each slicing window with given reserved communication resources and window
length. Since each BS is assumed to have sufficient storage to cache all HD map files
within its coverage area, we focus on the caching and multicast file selection decisions
at LEO satellites for both multicast and unicast slices. Considering that each HD map
file can be served by multiple satellites, and each satellite can simultaneously serve
or cache multiple files under different transmission modes, subproblem P1 can be
reformulated as a graph-based many-to-many matching problem by constructing a
bipartite graph G = (®, 7, €), where ® = {(ap, m) | ap € S*, m € {1,2,3,4}}is
the set of satellite service modes. Each element (ap, m) represents one service mode
of satellite ap, corresponding to the combination of transmission mode and caching
decision, where m = 1 is multicast with caching, m = 2 indicates multicast with-
out caching, m = 3 represents unicast with caching, and m = 4 represents unicast
without caching. A connected edge (f, (ap, m)) € & indicates that file f is served
by satellite ap using service mode m.

The objective is to determine a matching that minimizes the system cost within
the slicing window.

Definition 4.1 Given the bipartite graph G = (o, ¥, £), amatching W is a subgraph
of G satisfying:

W((ap,m)) € F and W(f) C d;

W ((ap, )| < dap,1 and [W((ap, 2))| < dap2;
|¥((ap, D) + [W((ap, 3))| < |Bgh/k];

W (NI =18

(ap,m) € W(f) if and only if f € W((ap, m));

IR NS
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6. V((ap,m)) N W((ap,m’)) =0, form £ m'.

Condition (1) specifies that each satellite service mode can be matched with a
subset of files and each file can be matched with multiple satellite service modes.
Condition (2) limits the maximum number of files that can be supported by multicast
transmission at each satellite. Specifically, let d,, | denote the maximum number of
cached multicast files supported by satellite ap, given by

aby =1}, it3r: DAL, < DA,

. k.t
4 _ |min HCap’OTMJ e
ap,l — .
0, otherwise,

(4.26)

which represents the worst-case multicast file capacity over the slicing window con-
sidering satellite mobility. Multicast transmission for cached files is prioritized com-
pared to non-cached files since it more easily satisfies the delay constraint. Therefore,
in slicing window k, the maximum number of files dfp served by MS in constraint
(4.17a) is the same as d,); in this section. Accordingly, the maximum number of
non-cached multicast files is given by

; . pQkit Qu .k,
dopz = {da,,,l — [W(@p. DI, if3r: DY, < DR, @)

0, otherwise.

Condition (3) enforces the shared caching capacity constraint between MS and US
from each satellite. Condition (4) ensures that each file selects exactly one service
mode at each satellite, where the size of W(f) should equal the satellite number
|S¥| in the slicing window. This formulation allows a satellite to explicitly decide
whether a file is multicast, unicast, or not effectively served (mode 4), which does
not directly correspond to the accommodated service demand intensity. Condition
(5) guarantees consistency of the matching, and Condition 6) ensures that each file
selects only one service mode per satellite.

Given a matching W, the corresponding multicast and caching decisions for satel-
lite ap are obtained, where (f, (ap, 1)) corresponds to mﬁp,f =1 and uﬁp’f =1;

(/. (ap,2)) corresponds to my, - =1 and ul, , =0; (f, (ap,3)) corresponds to

mp, » = 0and u’;p_f = 1;and (f, (ap, 4)) corresponds to m’;p!f =0andu, , =0.
Based on these decisions, the accommodated service demand intensities in both
slices are computed by solving problem P3. The utility H (V) of a matching W is

then defined as —HkSys for slicing window k.

4.3.3 Swapping-Based Matching Algorithm

The formulated caching and multicast file selection problem constitutes a many-to-
many matching game with externalities [14]. Specifically, the utility of a matching
pair (f, (ap, m)) depends not only on the file f and the service mode (ap, m) itself,
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Algorithm 1 SBMA for caching and multicast file selection

1: Initialization Phase

2: Let ¥ = ¢;

for f € 7 do
Match f with the service mode (ap, 4) of each satellite, ¥ = W U (f, (ap, 4));

: Swap Matching Phase

forapeS" m e {1,2,3,4} do
Calculate H (W), set Wiemp = W,
For a file f € W((ap, m)), the controller searches the satellite service mode (ap’, m’) € ® \
{(ap, m)} with ' € W((ap’, m")) for a swap operation;

9: if H(q/j;’ ’;’1 f,) > H(Wiemp) then

10: Swap the pair according to Definition 4.2 and obtain W' as new matching policy;

11: Wiemp = W/, and go back to Line 8;

12:  Update the matching with W = Weyp;

13: Go back to Line 6 and repeat until no swapping pairs can be found;

14: Output: Caching indicator u’; . f and multicast decision m’; o f in the slicing window according
to matching policy V¥;

A

but also on the service modes selected for other files at the same satellite. This cou-
pling arises from shared communication and caching resources, as well as delay con-
straints that jointly affect multicast capacity and unicast performance. As a result, the
preference relations of satellite service modes are dynamic and matching-dependent,
making static preference lists unsuitable.

To address this challenge, we adopt a swap-based matching framework, which
has been shown to be effective for many-to-many matching games with externalities.
The key idea is to iteratively improve the system utility by swap operations, which
allows two matching pairs to exchange their matches while keeping all other matching
relationships unchanged [15].

Definition 4.2 (Swap operation) Given a matching ¥ and two matching pairs
(f, (ap, m)) and (f’, (ap’, m’)) in ¥, a swap matching is defined as

wor = WAL, (ap, m)), (f, (ap', m))}

(4.28)
U{(f', (ap, m)), (f. (ap’,m"))}.

The swap is feasible if the resulting matching satisfies all constraints in Definition 4.1,
and the swap operation leads to a strict increase in the system utility.

Based on the above definition, we propose a swapping-based matching algorithm
(SBMA) to solve subproblem P1, which is summarized in Algorithm 1. The algo-
rithm iteratively searches for utility-improving swaps until no further improvement is
possible, which consists of two phases. In the initialization phase, a baseline matching
is constructed by assigning each file to the unicast, non-caching service mode (ap, 4)
at every satellite. This corresponds to a conservative strategy without multicast or
caching. Then, in the swap matching phase, the controller iteratively explores possi-
ble swap operations. For a given matching pair (f, (ap, m)), the algorithm searches
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for another pair (f', (ap’, m’)) such that swapping the two pairs increases the over-
all utility. Once a beneficial swap is found, the matching is updated and the search
continues. The procedure terminates when no swap can further improve the utility.

Property 4.1 (Finite convergence of SBMA) The proposed SBMA converges within
a finite number of swap operations. Each accepted swap strictly increases the sys-
tem utility H(\WV). Since H(¥) is upper-bounded by the finite communication and
caching resources available in the system, an infinite sequence of improving swaps
is impossible. Therefore, the algorithm terminates after a finite number of iterations.

Upon convergence, the obtained matching W is swap-stable, meaning that no
feasible swap operation can further improve the system utility under the given slicing
window length and reserved communication resources. The resulting matching is
mapped to caching and multicast decisions with the given slicing window length and
reserved communication resources.

4.3.4 Computational Complexity Analysis

The proposed SBMA iteratively searches for utility-improving swap pairs to opti-
mize caching and multicast file assignments within each slicing window. For each
candidate swap, the algorithm evaluates whether the swap increases the system util-
ity H (V). This evaluation requires recomputing the accommodated service demand
intensities by solving subproblem P3, which is a structured linear programming prob-
lem with linear constraints and can be efficiently solved in polynomial time. In par-
ticular, by exploiting its flow-based structure, P3 can be solved using algorithms such
as Dinic’s method, with a worst-case complexity of O (Tw|ﬂ7’k|F (AP + F )2).
In the worst case, the number of candidate swap pairs examined in each iter-
ation is upper-bounded by |S*|Lay Lior. Here, L = min{max,e Sk(l_B;:; Ji| +
—1

dap,1)s FT} denotes the maximum number of files eligible for swapping at a single

satellite, and Ly = Zape Sk(Lng /K1 +dap 1) represents the total number of can-
didate swaps across all satellites in the slicing window. This quantity is an upper
bound on the number of swap candidates explored per iteration. Let / denote the
finite number of iterations required for the SBMA to converge. The overall compu-
tational complexity for determining caching and multicast decisions within a slicing
window is given by O (I|S8*|Lax Liot - T\ APY|F (|AP| + F)?).

Although the above expression represents a worst-case bound, the actual runtime
of SBMA is significantly lower in practice. Specifically, the number of HD map files
F in a target area is typically limited, and the number of visible satellites and acces-
sible access points [APX| within a slicing window is moderate. Moreover, empirical
observations show that SBMA converges within a small number of iterations, and
only a fraction of candidate swaps lead to utility evaluations. As a result, the effective
number of P3 evaluations is far smaller than the theoretical upper bound. Since all
computations are performed by a ground SDN controller with sufficient computa-
tional capability, the runtime of SBMA is well below the slicing window duration,
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which typically ranges from tens to hundreds of milliseconds. This confirms that the
proposed SBMA is computationally feasible and suitable for practical implementa-
tion in STVNS.

4.4 HPPO-Based Slicing Window Length
and Communication Resource Determination

In this section, we focus on determining the slicing window length and commu-
nication resource reservation decisions in the outer layer to solve subproblem P2.
Considering the long-term impacts on sequential decision-making from the time-
varying service demand and the adjustment of reserved resources, we reformulate
the subproblem by leveraging the Markov decision process (MDP) and propose an
RL algorithm to solve it.

4.4.1 Markov Decision Process Formulation

Due to the time-varying service demand and the coupling effect introduced by slic-
ing reconfiguration costs across consecutive slicing windows, the optimization of
slicing window length and communication resource reservation involves sequen-
tial decision-making. Conventional deterministic optimization approaches are inad-
equate to capture such long-term temporal dependencies. Therefore, we reformulate
subproblem P2 as an MDP to model the network dynamics and enable adaptive
policy learning.

State: Let ¢ = [A¥, P¥, v¥=!] € & denote the system state in slicing window k.
Here, A* represents the predicted service demand intensities for all HD map files
over the next wp,, time slots, P* denotes the predicted positions and accessibility
of APs during the next wm,x time slots, and vkl is the communication resource
reservation decision in the previous slicing window to capture the impact of slice
reconfiguration costs, where v = {vf | Vap € AP}, . Vx € x}.

Action: The action space is defined as the Cartesian product 2 = 2{; ® 2A,, where
2, denotes the discrete action space for slicing window length and 2(, denotes the
continuous action space for communication resource reservation. Accordingly, the
action taken in slicing window & is A = (wy, vF), where wy € {1, ..., wmax) and
vk e [0, 1]\?1Pf‘nax|_

Reward: To align with the objective of minimizing the system cost, the immediate
reward obtained by taking action A* in state ¥ is defined as the negative system
cost in slicing window k, given by,

Rk, A = —H”. (4.29)
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Let IT denote the set of admissible policies mapping states to actions. By adopting
a discounted reward formulation, the long-term optimization problem in subproblem
P2 can be approximated as

P2’ max E [; VER(EF, A | n:| (4.30)
st (4.17b), (4.17d).

4.4.2 Hybrid Proximal Policy Optimization-Based Algorithm

Considering the lack of state transition probability information of the formulated
MDP, RL provides a suitable solution for solving subproblem P2’. However, the
action space in P2’ is hybrid, consisting of an interdependent discrete action of
slicing window length and high-dimensional continuous actions of communication
resource reservation. Directly handling such non-homogeneous actions using a single
policy network is challenging. Existing approaches attempt to unify discrete and
continuous actions by discretizing continuous actions or converting discrete actions
into continuous spaces [16]. Nevertheless, these methods may suffer from scalability
issues or complicate the approximation and generalization of continuous action in
piecewise-function action subspaces.

Motivated by recent advances in RL with parameterized action spaces for both
discrete and continuous actions [17-19], we develop an HPPO-based algorithm to
address the hybrid action structure and large-scale high-dimensional state space in
STVNs. As illustrated in Fig.4.3, two actor networks are employed to separately
handle discrete and continuous decisions. Specifically, a discrete actor network first
determines the slicing window length based on the current state. Conditioned on both
the state and the selected slicing window length, a continuous actor network then

Reward

Update actor network
parameters

Actions Slicing
window length

Reserved resources
for each slice

Fig. 4.3 Illustration of proposed HPPO-based algorithm
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generates the communication resource reservation decisions for each AP. The two
actor networks operate sequentially without parameter sharing and are optimized
using task-specific gradients, which avoids unnecessary enlargement of the action
space, while enhancing flexibility and specialization in decision-making. The overall
action is obtained by combining the outputs of the two actor networks, and the
joint policy is formulated as the product of the two policies, with the continuous
policy conditioned on the discrete actor’s decision. Additionally, a critic network
as a state-value function is leveraged to generate state values for updating both
discrete and continuous actor networks. This design effectively captures the interplay
between slicing window length and resource reservation decisions to reach a better
performance.

To accommodate the varying number of APs caused by satellite mobility, we adopt
a fixed maximum number of APs, denoted by M, to standardize the dimensions of
the state and action spaces. Let 6; and 6, denote the parameters of the discrete and
continuous actor networks, respectively. To ensure that the output of the continuous
actor satisfies the communication resource constraints in (4.17b) and (4.17d), we
design a softmax-based output layer for the continuous actor network to regulate the
output decisions. For each AP, the continuous actor outputs a 3-dimensional vector
{vﬁpyo, vfjp,], vﬁpgz}, representing the resource ratios allocated to the MS, US, and
unreserved resources, respectively, and the overall output vector from the continu-

. . . 2
ous actor network has a dimension of 3M. By construction, ) | _, v’;p v = Lpeapts

ensuring that the reserved resources in MS and US satisfy Zi:o v’;p'x < Lpcapt
The overall policy is parameterized by ® = [0}, 6,] and factorized as

we(A | ) = me,(Ar | AL, §) 79, (Ay | ), 4.31)

where A; and A, denote the discrete and continuous actions, respectively.
To train the HPPO model, the goal is to maximize the clipped surrogate objective,
given by

L™ (®) = E [min (59 A™w, clip(§, 1 — 8, 1 + §)A™0u) |, (4.32)
where the policy update ratio based on the current policy for ® is defined as

e (AlL) _ 7w, (Ao | AL, §)7re, (A1)
O (ﬂl() T G014, (ﬂ2|ﬂl s é‘)ngold,l (ﬂl |§) ’

o = (4.33)

Here, my,,; is the old policy of actor network i. Moreover, A™u is the estimated
advantage from policy 7e,,, which can be expressed as

A7 (¢, A = R(E*, A +y Vo (0 — Ve (g, (4.34)

where V,(¢) denotes the state-value function estimated by a critic network with
parameters ¢}, given by
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Algorithm 2 HPPO-based slicing window length and communication resource deter-

mination
1: Inmitialization: Parameters ® = [0}, 6] for policy, ¢ for state-value function, and buffer B;
2:for j €{1,2,...,J}do
3:  Obtain initial state {1;
k=1,
while Zf:l w; < Ty do
Select and execute action A* based on we (A ¢ ky,
Compute reward R({k, ?{k);
Obtain new state £*+1;
9: Record transition (2%, AX, R¥, ck+1) into B;
10: k=k+1;
11: foree{l,2,...,E}do
12: Sample a minibatch of 8By transitions from buffer 8;
13: Update parameters © <« arg maxe LP(®) and ¢ <« arg ming L (9);
14:  Empty buffer B;
15: Output: Parameters 6, 6;;

XN R

Vﬁ(é’k) —E ZVIR(§k+]+1’ﬂk+l+l) | ;k . (435)
=0

The clipping function clips the ratio £g between 1 — § and 1 + § using a hyperparam-
eter &, preventing the new policy from deviating far from the old policy to improve
the learning stability. The critic is trained by minimizing the mean squared error

LcritiC(ﬁ) - [(Rk + V§(§k+1) _ Vﬁ(g.k))zil . (4.36)

The overall HPPO-based slicing window length and communication resource
determination procedure is summarized in Algorithm 2, where J denotes the num-
ber of training episodes. To handle the variability of slicing window lengths, the
episode duration is defined in terms of overall time slots rather than slicing windows.
Specifically, the total number of time slots in each episode is set to T;. When the
cumulative number of time slots within a slicing window reaches or exceeds Ty,
the last slot of that slicing window is treated as the final slot of the episode. This
design ensures that each episode always ends at a slicing window boundary, thereby
preserving the integrity of slicing decisions.

At the beginning of training, the discrete actor, continuous actor, and critic net-
works are initialized with parameters 6, 6, and ¥, respectively. A replay buffer
8 is used to store the interaction transitions. During each slicing window, the con-
troller observes the current state from the environment, selects the slicing window
length and communication resource reservation according to the current policy g,
executes the action, receives the corresponding reward, and observes the new state.
The resulting transition (¢ k Ak RE ¢ k+1y is stored in the buffer, as illustrated in
Lines 6-9. At the end of each training episode, the collected transitions are used to
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update the policy and value networks. Specifically, the parameters 6; and 6, of the
discrete and continuous actor networks are updated by maximizing the clipped sur-
rogate objective in Eq. (4.32) via gradient ascent, while the critic network parameters
¥ are updated by minimizing the mean squared error loss via gradient descent, as
shown in Line 13. To enhance training stability of policy updates, the parameters are
updated for E times in each episode to take full use of the samples generated by the
current strategy.

The training complexity of the HPPO-based algorithm is primarily determined by
the dimensions of the state and action spaces. As the number of satellites increases,
the state dimension grows due to the inclusion of additional satellite-related informa-
tion. Similarly, the dimension of the continuous action space, corresponding to the
communication resource reservation vectors of all APs, increases linearly with the
number of satellites. Nevertheless, both the actor and critic networks are implemented
with fixed numbers of hidden layers and neurons. As a result, the computational com-
plexity of both training and inference scales approximately linearly with the number
of satellites. Moreover, HPPO updates are performed on fixed minibatches sam-
pled from the buffer, which prevents the number of training samples per update from
increasing with the system scale. Consequently, the proposed HPPO-based algorithm
remains computationally efficient and scalable for large-scale STVNS.

4.5 Performance Evaluation

In this section, extensive simulations are conducted to evaluate the effectiveness
of the proposed TLRS scheme. We first describe the simulation setup and bench-
mark algorithms. Afterward, the simulation results are presented to demonstrate the
effectiveness of our proposed scheme.

In the simulation scenario, we consider a target area with a radius of 15km,
centered at 30°N latitude and 82.5°W longitude. A total of eight HD map files are
requested by CVs in the area, each with a size of 10 Mb. The satellite network follows
the Starlink Phase 1 constellation, consisting of 72 orbits with 22 satellites per orbit,
an inclination angle of 53°, and an altitude of 550km. Unless otherwise specified,
the minimum access elevation angle is set to 35°.

For terrestrial networks, BSs are deployed with a density of 0.1 km~2, each cover-
ing aradius of 1 km. The unit costs of satellite communication and caching resources
are both set to 0.1, while those of BSs are set to 0.02. The simulation lasts for 30 min,
with each time slot being 20s. The slicing window length ranges from 1 to 9 time
slots. The delay requirement for HD map distribution is set to 2.5 s with a reliability
constraint of 0.99, and the default multicast interval is 1.5s.

In the HPPO-based model, both actor and critic networks consist of three fully
connected hidden layers with [256, 256, 128] neurons. The tanh activation function
is used in the hidden layers of both actor networks to facilitate stable training. Mean-
while, in the discrete actor network’s output layer, we apply the softmax to produce
a valid probability distribution. Furthermore, the Adam optimizer is adopted to train
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Table 4.1 Simulation parameters

LEO satellite 40 dBm LEO satellite carrier | 40GHz

transmission power frequency

LEO satellite antenna | 32 dBi LEO satellite 250 MHz

gains bandwidth

LEO satellite path-loss | 2.5 Noise power —174 dBm/Hz

exponent

BS transmission power | 32 dBm BS carrier frequency | 28 GHz

BS antenna gains 10 dBi BS bandwidth 100MHz

BS path-loss exponent | 3.5 Parameters By, p2, B3, | 0.01, 1, 0.5, 1.5
and B4

the network parameters. Additional communication parameters of satellites and BSs
[20, 21] are summarized in Table4.1.

We first evaluate the learning performance of the proposed TLRS scheme. The
following three benchmark algorithms are considered: (1) SBMA+Vanilla HPPO:
discrete and continuous actors are trained independently instead of feeding discrete
decisions to the continuous actor [22], while the SBMA for the inner layer remains the
same as in the proposed scheme; (2) SBMA+PDQN': parameterized DQN (PDQN)
is used in the outer layer, which extends DQN to parameterized actions by learning a
joint Q-function where each discrete action is associated with a continuous parameter
vector [18], while the SBMA for the inner layer remains the same as in the proposed
scheme; (3) Vanilla HPPO: all decisions are made directly by a single HPPO agent.

The convergence performance of the proposed TLRS scheme is shown in Fig. 4.4 to
illustrate the average cost of each episode. First, Fig. 4.4a compares the convergence
behavior of different algorithms, where the dark line shows the 50-episode mov-
ing average cost value and the shadowed lines are the average system cost of each
episode. The proposed TLRS scheme converges within a small number of episodes
and exhibits stable and convergent performance. In contrast, SBMA +Vanilla HPPO
converges more slowly with greater fluctuations, as its continuous actor only learns a
marginal policy across different discrete actions. SBMA+PDOQN suffers from insta-
bility caused by the difficulty of approximating joint Q-functions over discrete actions
and continuous parameters. Vanilla HPPO fails to converge, owing to the excessively
large and highly coupled action space. These results demonstrate that, by decompos-
ing the slicing window length and resource reservation into a structured matching
process in the inner layer, our TLRS enables more efficient exploration of the opti-
mal decisions in the outer layer, which significantly improves learning stability and
convergence speed. In addition, the impact of learning rate is illustrated in Fig.4.4b,
where an identical learning rate is set for all actor and critic networks. All curves
converge with increasing training episodes. While larger learning rates accelerate
convergence, they may also introduce performance instability. Therefore, a learning
rate of 5 x 10~ for the HPPO-based algorithm is adopted for subsequent experi-
ments.
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Fig. 4.4 Convergence performances

Next, we investigate the impact of slicing window length determination. The
proposed TLRS is compared with fixed-length slicing strategies (Fix n) with a fixed
window length n time slots and a demand-driven dynamic strategy (Dynamic) based
on service demand fluctuations such that the variance of the accumulative service
demand intensity within each slicing window [23]. All benchmark algorithms use
conventional PPO for resource reservation and SBMA for caching and multicast
decisions.

The performances of different slicing window length determination policies are
shown in Fig. 4.5, evaluating the slot performance of resource cost and slice reconfig-
uration, and showing the statistical performance of unsupported service demand and
overall system cost. Figure 4.5a shows the cumulative distribution function (CDF) of
resource cost per time slot. The resource cost of Fix3 achieves the lowest resource
cost by adapting quickly to demand variations, while longer windows incur higher
costs due to resource over-provisioning. While Dynamic policy is tailored to service
demand variations, it overlooks the time-varying resource resulting from satellite
mobility. Consequently, a long slicing window can lead to a high resource cost when
reserving resources on satellites with limited communication capabilities, such as
those at low elevation angles. The proposed TLRS achieves a comparable resource
cost to Fix3 by adaptively adjusting slicing window length, which effectively accom-
modates dynamic service demand with efficient resource usage. The CDF of time-
averaged slice reconfiguration cost is shown in Fig. 4.5b. Short slicing windows lead
to frequent reconfiguration, which incurs larger slice reconfiguration cost, whereas
longer or dynamic windows reduce reconfiguration overhead. Figure4.5c presents
the unsupported service demand in the target area. In the per-slot results, the proposed
TLRS scheme and Fix3 exhibit lower unsupported demand across most time slots,
which achieve superior demand accommodation compared to the others. Although
Fix3 yields a slightly lower mean and variance of unsupported demand, it incurs a
much higher slice reconfiguration cost as shown in Fig. 4.5b. By contrast, TLRS can
adjust the slicing windows according to dynamic demand and available resources,
thereby minimizing unsupported demand while maintaining a balanced tradeoff with
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Fig. 4.5 Performance under different slicing window length determination policies

reconfiguration cost. Finally, Fig.4.5d summarizes the overall system cost statistics
within the entire simulation duration. TLRS consistently achieves the lowest mean
system cost and quartile performance, which indicates that TLRS can achieve bet-
ter performance in most time slots from its adaptation, demonstrating its robustness
under dynamic service demand and satellite availability for a long-term optimum. In
contrast, the Dynamic strategy has a higher mean cost, which ignores time-varying
satellite resources and incurs occasional high costs due to unnecessary resource
reservation and unsupported service demands. For the fixed slicing window poli-
cies, longer slicing windows result in smaller standard deviations, reflecting more
consistent resource costs within each slicing window.

Figure 4.6 illustrates the average system cost under different minimum satellite
elevation angles. When the minimum elevation angle is small, more satellites are vis-
ible to the target area, and the system cost becomes small due to sufficient resources
enabling efficient resource reservation with adaptive slicing windows. In this case,
the reconfiguration cost becomes a dominant component, and thus Fix3 yields a
relatively higher cost due to frequent slice adjustments. As the minimum elevation
angle increases, fewer satellites can serve the area, leading to reduced satellite avail-
ability and a higher overall cost. Specifically, when the elevation angle is large,
satellite resources are insufficient to cover demand outside BS coverage, and the ser-



82 4 Adaptive Resource Slicing for HD Map Distribution in STVNs

18 T
—+—TLRS ——Fix9
16 || —© Fix3 — Dynamic
Fix6
B814r
2 5
12}
g
@10 1+
)
g
§ il 425 30
<
6 .
4 4
25 30 35 40 45

Minimum elevation angle (degree)

Fig. 4.6 Average system cost under different minimum elevation angles of LEO satellites

1 1

4
©
e
®

o
o
o
=)

I
~
=]
~

o
N

Cumulative distribution function
o
o

Cumulative distribution function

o
o

100 120 140 160 180 200 220 240 3 4 5 6 7 8
Resource cost in each time slot System cost in each time slot
(a) CDF of resource cost. (b) CDF of system cost.

Fig. 4.7 Performance under different reservation strategies

vice demand penalty dominates the system cost. In this case, shorter slicing windows
become beneficial because more frequent reconfiguration allows the controller to bet-
ter adapt to time-varying satellite accessibility with less demand-violation penalties.
Across all elevation settings, TLRS consistently achieves the lowest cost, demon-
strating its robustness and adaptability across varying network conditions.

Next, we evaluate the effectiveness of the HPPO-based resource reservation strat-
egy in the proposed TLRS framework. We consider three benchmark algorithms:
(1) SRS, where resource reservation is determined separately for satellite and ter-
restrial networks and is identical across all satellites (and across all BSs) within
each slicing window [24]; (2) IRS, where all APs share identical reservation deci-
sions within each slicing window; and (3) NRRS, where reservation decisions are
fixed over time and determined using the average resource availability and average
demand. Both SRS and IRS policies adopt an HPPO-based algorithm, with reduced
action dimensions compared to TLRS.
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Figure4.7 compares the CDFs of resource cost and overall system cost. The
proposed TLRS scheme achieves the lowest system cost and efficient resource usage
by enabling fine-grained reservation decisions at the AP level, which can capture both
spatially heterogeneous demands and time-varying satellite accessibility. In contrast,
SRS and IRS are constrained by their reduced action dimensions, which cannot fully
exploit the spatiotemporal heterogeneity and satellite mobility in STVNs. NRRS
performs the worst since it overlooks the changes in satellite resources and only
considers the average service demand across all time slots, resulting in either resource
waste or unsupported service demand.

Figure 4.8 further shows the average system cost of different resource reservation
strategies under different minimum elevation angles. When the minimum elevation
angle is small, our proposed TLRS scheme achieves a slight improvement in overall
system cost with more efficient resource reservation, but the cost difference among
strategies is limited due to abundant satellite resources for satisfying service demand
with moderate resource usage. As the elevation angle increases, all strategies incur
higher system cost due to reduced satellite accessibility, while TLRS exhibits a
constant advantage. For example, at 40°, the proposed TLRS reduces the system
cost by at least 11% compared with other benchmark strategies, benefiting from fine-
grained adaptive reservation that better adapts to the service demand with constrained
resource conditions.

Finally, we evaluate the SBMA-based caching and multicast decisions. We com-
pare TLRS with three benchmark algorithms: (1) UO+MBC for unicast only with
matching-based caching policy; (2) MU+NC for both multicast and unicast without
caching; and (3) MU+PAC for both multicast and unicast with a popularity-aware
caching policy.

In Fig. 4.9, we compare the performances of different caching and multicast poli-
cies in terms of unsupported service demand, average delay, and average system
cost. Figure 4.9a shows that TLRS accommodates the highest service demand across
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different multicast intervals due to its efficient strategies at each satellite. When the
multicast interval is short, multicast can efficiently serve popular files with limited
reserved resources, enabling more files to benefit from multicast delivery. However,
as the multicast interval increases, the limited transmission time of each file neces-
sitates more resources within each multicast period to satisfy service requirements,
which leads to increased unmet demand for all policies, while TLRS constantly
performs the best. MU+PAC performs close to TLRS but remains inferior because
it relies solely on file popularity and does not explicitly account for time-varying
satellite availability and jointly leverage multicast and unicast capabilities of satel-
lites. MU+NC degrades sharply with the increment of multicast intervals because
the backhaul delay makes it difficult to satisfy the delay requirement without satellite
caching, resulting in significant unmet service demand. UO+MBC yields the highest
unmet service demand since unicast alone cannot efficiently support bursty HD map
requests.

Figure4.9b presents the average delay of accommodated service demand.
UO+MBC has a relatively low delay because the multicast waiting time is absent.
For MU+NC, when the multicast interval is small, the delay requirements can be
easily met with the available resources, but the backhaul delay leads to a higher
delay compared to other strategies. When the multicast interval increases, more mul-
ticast requests become infeasible. Only the accommodated demand, mainly through
unicast transmission, is counted in the average delay statistic, resulting in decreased
delay. When both multicast and caching are incorporated, the delay performance
becomes stable, and TLRS achieves the lowest average delay, benefiting from SBMA
for jointly optimizing multicast and caching decisions under time-varying environ-
ments.

Finally, the performance in Fig.4.9c demonstrates that TLRS achieves the min-
imum system cost. The dominant factor contributing to the overall cost is driven
by unsupported service demand. Thus MU+PAC approaches TLRS when caching
and multicast are both available. In contrast, strategies without multicast or caching
incur significant system costs, especially when the multicast interval is large. These
results validate that TLRS provides adaptive and efficient resource slicing for HD
map distribution in dynamic STVNG .
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4.6 Summary

In this chapter, we have investigated multi-dimensional resource slicing for HD map
distribution in STVNs. By exploiting the complementary characteristics of satellite
and terrestrial infrastructures, we establish a novel slicing architecture supporting
multicast and unicast transmissions. To cope with time-varying resource availabil-
ity and spatiotemporal demand dynamics, a TLRS scheme was proposed, which
jointly optimizes slicing window length, communication and caching resource reser-
vation, and multicast decisions. Through a hybrid data-model co-driven design,
TLRS achieves efficient resource utilization with low delay and reconfiguration
overhead, which enables robust adaptation to STVN environments while satisfy-
ing service reliability requirements. Overall, the proposed scheme offers practical
design insights for scalable and service-aware resource slicing in future STVNs.
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Chapter 5 ®)
Cooperative Resource Scheduling st
for Environment Sensing in STVNs

Abstract In satellite—terrestrial vehicular networks (STVNSs), efficient resource
management is essential to support diverse vehicular services under dynamic net-
work conditions. While long-term resource reservation provides a foundation for
service provisioning, the real-time orchestration of reserved resources plays a crit-
ical role in achieving timely and reliable service performance. In this chapter, we
investigate resource management for infrastructure-assisted environment sensing for
connected vehicles (CVs) in STVNs at the operation stage, where low Earth orbit
(LEO) satellites and roadside units (RSUs) cooperatively provide CVs with fresh
sensing information. Due to the stringent information freshness requirements, satel-
lite mobility, and heterogeneous network capabilities, real-time multi-dimensional
resource scheduling in STVNSs is highly challenging. To this end, we formulate a
cooperative resource scheduling problem that jointly optimizes sensing intervals and
real-time computing and communication resource allocation, and propose a coop-
erative satellite—terrestrial resource scheduling (CSTRS) scheme to satisfy service
requirements with efficient resource utilization. CSTRS adopts a hybrid model—
data co-driven design, which decomposes the complex scheduling problem into
complementary subproblems. Specifically, by exploiting the multicast capability
of LEO satellites, coalition game- and particle swarm optimization-based algo-
rithms are developed to partition CVs into sensing groups and determine appropriate
sensing intervals. Based on the resulting CV partition, a reinforcement learning-
based algorithm is further designed to make real-time computing and communica-
tion resource allocation decisions. Simulation results demonstrate that the proposed
CSTRS scheme outperforms benchmark methods in terms of resource efficiency and
reliability under dynamic STVN conditions.

Keywords Cooperative resource scheduling - Infrastructure-assisted environment
sensing + Coalition game - Proximal policy optimization

With the rapid growth of connected vehicles (CVs), the acquisition of real-time envi-
ronment information becomes essential for route optimization, traffic safety enhance-
ment, and intelligent driving control [1]. Specifically, each CV requires accurate and
up-to-date environment information within its range of interest (Rol) to support safe
and efficient driving. Although onboard sensors and processors enable CVs to per-
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ceive and process surrounding environments to detect objects, such as non-connected
vehicles, obstacles, etc., their sensing capability is inherently limited by sensing range
and single-view constraints. As a result, augmenting sensing coverage and mitigat-
ing blocked areas are crucial for reliable perception. Infrastructure-assisted environ-
ment sensing, which leverages sensors deployed on network infrastructures, provides
an effective solution by enabling large-scale and cooperative perception within the
Rol of CVs [2]. By integrating sensing results from multiple infrastructures, CVs
can obtain more reliable environment information. To ensure the effectiveness of
such sensing services, the freshness and reliability of sensing results are critical,
as outdated information may lead to incorrect decision-making and safety risks.
Meanwhile, sensing information inevitably becomes stale over time, necessitating
continuous updates with stringent freshness guarantees.

Currently, environment sensing is primarily supported by terrestrial infrastruc-
tures such as roadside units (RSUs), where sensors and edge servers are deployed
to perceive the environment, process sensing data to generate sensing results, and
deliver them to nearby CVs [3]. While RSU-assisted sensing can provide low-latency
services, the high deployment cost of terrestrial infrastructures often leads to cov-
erage gaps, especially in suburban and remote areas. To complement terrestrial net-
works, low Earth orbit (LEO) satellites offer ubiquitous coverage and enable seamless
sensing services beyond terrestrial networks [4, 5]. Moreover, by equipping satel-
lites with onboard edge servers, sensing data can be processed directly, avoiding
the transmission of massive raw data to ground servers. Nevertheless, the inherent
satellite mobility and high resource costs introduce new challenges, making it essen-
tial to jointly and efficiently coordinate satellite and terrestrial resources. Taking full
advantage and complementarity of both satellites and RSUs, this chapter investigates
cooperative resource scheduling in satellite—terrestrial vehicular networks (STVNs)
to support infrastructure-assisted environment sensing with stringent data freshness
requirements and efficient resource utilization [6].

However, cooperative resource scheduling in STV NS still encounters several chal-
lenges in supporting environment sensing. First, sensing data freshness depends
jointly on the sensing interval and the infrastructure-induced delays in data processing
and transmission, which leads to tightly coupled and multi-dimensional scheduling
decisions in a dynamic STVN environment. Second, the mobility of LEO satellites
and CVs causes time-varying network accessibility, propagation delays, and com-
munication performance, resulting in highly dynamic resource demands from both
satellite and terrestrial networks. Third, satellites and RSUs exhibit heterogeneous
network characteristics in terms of coverage areas, connection durations, resource
costs, and content delivery modes. As CVs may be served by satellites alone or by
both satellite and terrestrial infrastructures, cooperative scheduling across heteroge-
neous networks becomes highly complex.

To address the abovementioned challenges, we propose a cooperative satellite—
terrestrial resource scheduling (CSTRS) scheme, which jointly determines sensing
intervals and allocates computing and communication resources in STVNSs to satisfy
stringent data freshness requirements with efficient resource usage. Specifically, a
two-step scheduling framework is developed to find the optimal solutions. By exploit-
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ing the multicast capability of LEO satellites, large-timescale model-based algo-
rithms are designed to partition CVs into sensing groups and determine appropriate
sensing intervals, thereby reducing resource consumption and decision complexity.
Based on the CV partitioning and sensing intervals, a reinforcement learning-based
algorithm is further developed to perform real-time computing and communication
resource allocation, enabling adaptive responses to dynamic network conditions. The
main contributions of this chapter are summarized as follows:

e We investigate resource scheduling in STVNs for infrastructure-assisted environ-
ment sensing, where both LEO satellites and RSUs provide network services to
CVs. The formulated cooperative resource scheduling problem jointly consid-
ers sensing interval determination, CV partitioning, and real-time computing and
communication resource allocation under stringent data freshness requirements to
satisfy data freshness requirements with efficient resource consumption.

e We propose the CSTRS scheme to solve the mixed-integer and sequential decision-
making problem by decoupling the original problem into two subproblems operat-
ing on different timescales, thereby significantly reducing scheduling complexity.
Specifically, CV partition and sensing interval decisions are adjusted on a large
timescale, while resource allocation for each service group is determined on a
small timescale.

e We design a particle swarm optimization (PSO)-based and a coalition formation
game-based algorithm to optimize long-term sensing intervals and CV partition-
ing, and develop a proximal policy optimization (PPO)-based reinforcement learn-
ing algorithm for real-time computing and communication resource allocation in
dynamic environments. Extensive experiments are conducted to demonstrate the
effectiveness of the proposed CSTRS scheme by comparing multiple performance
metrics, including resource cost and reliability.

The remainder of this chapter is organized as follows. Section5.1 introduces
the network scenario and system models. Section5.2 presents the problem formu-
lation and the design of the CSTRS scheme. Section5.3 develops the PSO-based
sensing interval optimization and coalition formation-based CV partitioning meth-
ods, while Sect.5.4 presents the reinforcement learning-based real-time resource
allocation algorithm. Simulation results are provided in Sect.5.5, followed by the
conclusions in Sect. 5.6.

5.1 Network Scenario and System Model

5.1.1 Scenario Description

The considered infrastructure-assisted environment sensing scenario in STVNs is
illustrated in Fig.5.1. Terrestrial RSUs provide sensing services for CVs within
their coverage areas, while a LEO satellite equipped with steerable beams can
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Fig. 5.1 Considered environment sensing scenario in STVNs

serve CVs across the entire target region. A ground central controller coordinates
both RSUs and the satellite to support cooperative sensing for the target area.
We consider a time-slotted system, where each time slot t € 7 = {1,2,..., T}
has duration 7. The length of T time slots corresponds to the continuous ser-
vice period of the satellite for the target area determined by the minimum eleva-
tion angle constraint. The time-varying position of the satellite is characterized by
@S, o, (), p(t)), representing the orbit radius, orbital inclination angle, longitude
of ascending node of the orbit, and argument of periapsis, respectively. Accord-
ingly, the satellite position in the Cartesian coordinate system at time slot ¢ is
pS(®) = (x5(0), yS(©), 25(1)) [5]. Let N ={1,2,..., N} denote the set of RSUs,
where each RSU has a fixed coverage radius of rT. The coordinate of RSU n is
pr =&l vyl zh. Let U = {1,2, ..., U} denote the set of CVs, and the position
of CV u attime slot 7 is p¥ (1) = (xV (1), y¥ (1), z¥ (1)). Due to the mobility of CVs,
their connectivity to RSUs varies over time. Leta (¢) represent the RSU accessibility
indicator of CV u at time slot ¢, where ag (t) = 1if at least one RSU can serve CV
u, and a} (t) = 0 otherwise.

Consider that both LEO satellites and RSUs have the capability of data processing
with the deployment of edge servers. To support environment sensing, infrastructures
periodically sense the Rol of CVs, process sensing data, and deliver sensing results
to CVs. However, independently sensing each CV’s Rol leads to excessive computa-
tion and communication overhead due to the potential spatial overlap of Rols among
nearby CVs. To improve efficiency, we leverage the multicast capability of the LEO
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satellite to serve CVs into groups to enhance resource utilization. Specifically, mul-
tiple satellite service groups (SSGs) are formed, where each group contains a subset
of CVs served simultaneously by the satellite. Let Q3(¢) = {so(¢), 81 (t), ..., sn (1)}
denote the set of SSGs, where s;(¢), i # 0 represents the i-th SSG, and sy(¢) indi-
cates the set of CVs not served by the satellite at time slot ¢. For terrestrial sensing,
each RSU serves one terrestrial service group (TSG) consisting of all CVs within
its coverage. The set of TSGs is denoted by QT(¢) = {g; (1), ..., g,(¢)}, where g; (¢)
represents the CV set served by RSU i. Due to vehicle mobility, CVs in each TSG
vary over time, while SSG partitioning is updated periodically every time interval,
consisting of k time slots.

To satisfy data freshness requirements, each service group must determine an
appropriate sensing interval. A small sensing interval enables real-time object track-
ing but incurs high processing and transmission resource consumption to satisfy
stringent processing and transmission delay requirements. On the other hand, a large
sensing interval reduces resource usage but may violate freshness constraints. Since
sensing data originates from both satellite and RSUs, their sensing intervals must
be jointly determined to minimize resource consumption and satisfy data freshness
requirements. Let IsS (t) and IgT (t) denote the sensing intervals for SSG s and TSG g
at time slot ¢, respectively.

5.1.2 Age of Information Model

To enable timely decision-making in dynamic environments for driving safety and
efficiency, CVs require up-to-date sensing results. We adopt the age of information
(Aol) to characterize the freshness of received sensing results, which measures the
elapsed time since the latest successfully received sensing data was generated [7].
Each sensing result is timestamped at the moment of generation. For CV u, the Aol
of sensing result originating from source X is given by

qrt—1)+1, if no packet is received,

X . (5.1)
t —max;{tX(i) |7 (i) <t}, otherwise,

q, () =

where ¢} (i) and tl’tx(i) denote the generation time and reception time of the i-th sens-
ing data and result for CV u, respectively, and x € {S, T} represents that the sensing
information originating from source satellite or RSUs. The Aol value increases lin-
early over time when no updated result is received by a CV, and drops to the elapsed
time since the generation of the latest received sensing result once an update arrives.

Since CVs may receive sensing results from both the LEO satellite and RSUs, the
latest effective information is determined by the freshest received data, as shown in
Fig.5.2. Therefore, the overall Aol of CV u is defined as

¢u(t) = min{g} (), q, ()} (5.2)
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If a fresher sensing result is received by the CV, outdated packets that have not yet
been delivered are discarded. Meanwhile, if two sensing results are received at the
same time, the formerly generated packet will be discarded.

To guarantee sensing reliability, the Aol must satisfy a probabilistic freshness
constraint. Specifically, the probability that the Aol exceeds a freshness threshold
T should be smaller than € [8]. In this case, the Aol depends on the following two key
factors: (1) the sensing interval of SGs, which determines how frequently new data is
generated, and (2) the processing and transmission delay affected by computing and
communication resource allocation. Therefore, satisfying the freshness requirement
requires jointly optimizing sensing intervals and real-time resource allocation across
satellite and terrestrial networks.

5.1.3 Computing and Communication Model

After sensing data for an SG is generated, it must be processed, and then the result
should be transmitted to CVs. Therefore, the overall delivery delay of each sensing
data consists of computing delay, transmission delay, and propagation delay for satel-
lites, which directly affects the Aol evolution introduced in the previous subsection.

For SSG s, sensing data with size vss (#) is generated at time slot 7, which varies
for different sensing areas. The generation time of the i-th sensing data is K (¢) +
WS(t) +il5(t), where K (t) = max{jk|jk <t,Vj} denotes the initial time slot of
the current interval for SSG adjustment, and \IJSS () is the delayed time of the first
sensing for SSG s from K ().

Let Q5(¢) denote the remaining data size for processing at time slot ¢, given by

S (1), t=K(@) +il3(t)+ VS ),Vi,

Sy —
Q.(1) = max{Q?(f — 1) — Avs(r — 1), 0}, otherwise.

(5.3)



5.1 Network Scenario and System Model 93

Here, the processed data amount at time slot 7 is Avg(#) = min{ st(t), rfscs(t)/y},
where css (¢) is the allocated computing resource for SSG s at time slot ¢, f5 is CPU
frequency unit (in CPU cycles per second), and y is the computation workload (in
CPU cycles per bit). The computing resource allocation for SSG s at time slot # must
satisfy

S S
ZSEQSU) Sy <cS., Vi, (5.4)
indicating the constraint on the computing resource capability, and
Sty=cSt—1),if0<Q3(t) < Q3(t — 1), (5.5)

representing that the computing resources cannot be adjusted during the processing.
After processing, sensing results with size ﬂss (t) are multicast to CVs in SSG s.
The remaining data size for transmission in the queue evolves as

B (), if 03(r —1) > Q3(1) =0,

W) =
- (0) max{W3(t — 1) — ABs(t — 1), 0}, otherwise.

(5.6)

The transmitted data amount in time slot ¢ is ABs(t) = min{W23(¢), T R3(¢)}, with
S7S

transmission rate RSs (1) = bsS (1) log, (1 + %) Here, bss (1) is the communication

resources allocated to SSG s at time slot 7, PS is the transmit power of the LEO

satellite, o2 is the noise power, and hss(t) is the channel gain. The communication

resource allocation should satisfy

D bi() < bl VI (5.7)
seQS(1)

constraining the available communication resources of the LEO satellite, and
b3(t) =b3(t — 1), if 0 < W2 (1) < Wit — 1). (5.8)

representing that the communication resources remain fixed during the transmission.
Due to the long distance of satellite communication, propagation delay cannot be
ignored. The remaining propagation time for SSG s is

P (1), if WS(t — 1) > W(t) =0,

Z5(t) =
() max{Z5(t — 1) — 7,0}, otherwise.

(5.9)

Here, 79" (1) = /|pS(t) — p$5C(#)|2/c is the propagation delay between SSG s and
the satellite, where p$59(¢) is the center coordination of SSG s, and c is the light
speed.
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For each TSG, the processing and transmission procedures follow the same models
and queueing dynamics. However, computing and communication resources ¢! and
b" are dedicated and fixed for each RSU, and the propagation delay is negligible due
to the short transmission distance.

5.2 Problem Formulation and CSTRS Scheme Design

5.2.1 Problem Formulation

In this section, we formulate the cooperative resource scheduling problem for
infrastructure-assisted environment sensing in STVNs. The objective is to minimize
the overall resource consumption while guaranteeing sensing freshness and reliabil-
ity for all CVs. Specifically, according to the Aol model, sensing freshness depends
on the sensing interval and the end-to-end delay, including computing, transmission,
and propagation latency. A shorter interval enhances freshness but consumes more
resources, while insufficient resources enlarge the delay and may violate the Aol
requirement. Moreover, since multiple CVs may share overlapped Rols, grouping
CVs into SGs affects both sensing frequency and resource utilization. Hence, CV
grouping, sensing interval determination, and resource allocation must be jointly
optimized.

Let QS = {Q5(1), Vt € 7'} denote the SSG partition, 75 = {11 (¢), Vs € Q5(¢), Vt}
and 7" = {I] (1), Vg € Q7 (1), ¥t} represent sensing intervals of SSGs and TSGs,
respectively, and CS = {cs (),Vs € Q5,Vt} and B85 = {bs(t) Vs € 3, ¥t} denote
computing and communication resource allocation decisions from the satelhte for all
time slots, respectively. The resource cost of SSG s at time slot ¢ is TS (1) = X1 ss(t) +

Sb3(1), and the cost of terrestrial service group g is Yg (1) = x{cg(t) + x5 bg (1),
where XIS, Xzs’ XlT, and XzT are the unit cost of computing and commumcation
resources from the satellite and RSUs, respectively. Due to heterogeneous resource
unit costs and coverage capabilities, satellite and terrestrial resources should be
jointly optimized in STVNSs.

Accordingly, the cooperative resource scheduling problem is formulated as

T
S T
P1 fgn(g P DR NOE SR HO) (5.10)
8575, g =1 \seQs geQT
t
J— ]1 y>Tt
st Zf—l# <eVueUNteT (5.10a)
siNs; =0,Vs;,s; € Q)i # J, (5.10b)

Useasy s = U, (5.10¢)
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1] (1), I (1) € {lx|l € N}, (5.10d)
1251 < M, (5.10¢)
(5.4), (5.5), (5.7), (5.8).

Constraint (5.10a) ensures that the Aol violation probability of each CV should
be lower than the threshold ¢ over any accumulated period of ¢ time slots. Con-
straints (5.10b) and (5.10c) constrain the partition of CVs into non-overlapping SSGs,
and every CV should be included in one SSG. Note that sy (¢) indicates the set of
CVs not served by the satellite at time slot 7. Constraint (5.10d) constrains sensing
interval granularity for each SG, with the minimum interval « limited by sensing
devices. Constraint (5.10e) restricts the number of concurrent SSGs to be less than
M due to onboard computing capability [9].

5.2.2 Problem Decomposition and CSTRS Scheme Design

Problem P1 is difficult to solve directly due to the coexistence of heterogeneous
decision variables and dynamic environments of STVNs. Specifically, CV partition-
ing and sensing interval determination are large timescale structural decisions, while
computing and communication resource allocation must be adapted in each time slot
according to instantaneous dynamics, channel conditions, and queue states. More-
over, resource allocation decisions affect the Aol evolution over time, leading to a
sequential decision-making problem. Consequently, P1 is a mixed-integer stochastic
optimization problem with coupled large timescale and real-time decisions.

Directly applying a model-free learning method to the original problem may exac-
erbate model convergence difficulties due to highly dynamic network environments
and an extremely large action space. Observing the system operation and characteris-
tics of the actions, group formation and sensing interval are adjusted infrequently and
periodically according to mobility patterns, whereas resource allocation must react
rapidly to instantaneous network conditions. This motivates a hierarchical decom-
position.

Accordingly, we propose a cooperative satellite—terrestrial resource scheduling
(CSTRS) scheme that separates decisions into two timescales. Specifically, a large
timescale is used to determine CV partitioning and sensing intervals for SG, while a
small timescale is used to perform real-time computing and communication resource
allocation. In this case, we decouple the original problem into two subproblems: (1)
CV partitioning and sensing interval decisions determined by the ground controller,
and (2) real-time computing and communication resource allocation for SGs in the
satellite and RSUs. Figure 5.3 shows the working diagram of the CSTRS scheme for
environment sensing in STVNSs in two steps.
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Service group and sensing interval determination

Predicted PSO-based sensing interval determination
Network traffic load (Algorithm 3)
environment Coalition formation game-based CV
partitioning (Algorithm 4)
Real-time Central controller

network status

Real-time resource allocation SGs and sensing

interval decisions

PPO-based resource allocation on LEO satellite
(Algorithm 5)

Resource
allocation LEO satellite and RSUs
decisions |

Fig. 5.3 Working diagram of the proposed CSTRS scheme for environment sensing

In the first problem, we aim to find the optimal CV partitioning and sensing inter-
vals for each SG to minimize resource consumption in each time interval consisting
of k time slots. Specifically, the average resource cost of each SG within each interval
can be estimated through predicted processing and transmission workload accord-
ing to the predicted CV trajectories.! The large timescale optimization problem is
formulated as

P2 min Y Ci+ ) C; (5.11)

QS IS, 1T
seQS geQl

s.t. (5.10b), (5.10c), (5.10d), (5.10e).

The average resource cost of SSG s is calculated by

cS — Xlsktﬁssy Xzskt,gss
S ——,
I3 fS I3RS

(5.12)

where Rs is the average transmission rate of unit bandwidth within the interval.
We omit the notation ¢ for the interval-based calculation. Let bS and 85 denote the
predicted processing and transmission workloads for each sensing of SSG s in the
time interval, respectively. Similarly, the average resource cost for TSG g in a time
interval is given by
=T T
o _ XTktvg y XTkr,Bg
g Al T T 2 9T RT’
Ie Iy Ry

(5.13)

This step determines the sensing structure in STVNs and reduces the dimensionality
of real-time scheduling.

! Here, the prediction method is not the primary focus and several algorithms have been studied,
such as recurrent neural networks (RNN) [10] and long-short term memory (LSTM) [11].
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Given CV partitioning and sensing intervals, we aim to find the optimal resource
allocation under time-varying STVN conditions to minimize the overall resource
cost based on the instantaneous network state, given as

Pségigps D Yo+ D rjo (5.14)

t=1 \seQ5(r) geQT(r)

st. (5.4),(5.5),(5.7), (5.8), (5.10a).

To solve these two subproblems, the proposed CSTRS scheme comprises two
components: a CV partitioning and sensing interval determination algorithm pre-
sented in Sect. 5.3, and a real-time resource allocation algorithm, detailed in Sect. 5.4.

5.3 CV Partitioning and Sensing Interval Determination

To solve subproblem P2, we determine the SSGs and the sensing interval of each
group. Specifically, we first derive the feasible sensing interval range for each CV
according to the Aol requirement. Then, to achieve the minimum estimated aver-
age resource cost in each time interval, a particle swarm optimization (PSO)-based
method is adopted to obtain the optimal sensing intervals. Based on the resulting
sensing interval decisions, the SSGs are further determined by formulating a coali-
tion formation game in each time interval.

5.3.1 PSO-Based Sensing Interval Determination

To determine the sensing interval of each service group (SG), we first derive the
feasible sensing interval range for each individual CV according to the Aol fresh-
ness requirement, and then optimize the group-level sensing interval based on these
feasible ranges. For each CV u, let TS and T.I denote the sensing intervals from the
LEO satellite and the associated RSU, respectively. Due to the hardware limitation
of sensing devices, both intervals satisfy Tus, TuT € {lk | I € N}. As the decisions are
updated in each time interval consisting of k time slots, the time index ¢ is omitted
for brevity.

Let G = ged(TS, T.T) denote the greatest common divisor of the two sensing
intervals.

Proposition 5.1 IfT> # TT, then |T> — T'| > G.

Proof Since T = aG and T} = bG for integers a, b, we have |T> — TT| = |a —
b|G > G because a #= b. ]
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Let ¢S denote the offset of the first satellite sensing relative to the beginning of
the time interval, and wf is the set of feasible offsets for CV u, where the initial RSU
sensing occurs at the beginning of the interval.

Proposition 5.2 (Feasible sensing interval pair for individual CVs) A sensing inter-
val pair (TS, T") with offset 1//5 is feasible if the Aol threshold T™ can be guaranteed
for CV u according to the following conditions:

e [fCVu cannot always connect to RSUs during the time interval, i.e., 3t : a} (t)y=0,
then TS < T™ with 5 € [0, T).

e If CV u can always connect to both satellite and RSUs, then one of the following
conditions should be met:

— TS < T™ with ¢S € 5 = [0, TS);
- TT < T with ¢S € 3 = [0, TV,
- TMS =TF e [T" 2T™) with S € ¢S = (I | TF —T™ < lic < T™, 1 € N).

Proof To satisty the Aol requirement, the interval between two consecutive success-
fully received sensing results from either satellite or RSUs must be strictly smaller
than T". There are three conditions.

(1) If RSU connectivity is unavailable during part of the interval, i.e., ag t)=0
for some 7, freshness must be guaranteed solely by satellite updates. Therefore,
TS < T'™isrequired, and any offset within one period is feasible with ¥5 € [0, T5).

(2) If both satellite and RSU connections are always available, freshness can
be satisfied by a single source when either T3 < 7™ with 3 € 5 = [0, TS) or
TT < Th with ¥5 € ws [0, .1).

(3) Otherwise, when both sensing intervals 7%, 7.1 € [T™, 2T, both the satellite
and RSUs should be involved for environment sensing, satisfying

1 1 1 515
AR e
In addition, the freshness requirement also depends on whether the sensing instants
from the satellite and RSU can maintain a stable alternating pattern. Let RSU updates
occur at {j TMT} and satellite updates at {k TMs + wus}. By Bézout’s identity, the relative
phase jT,} — kT3 can only change in integer multiples of G. As time evolves, the
relative phase varies with granularity G. In this case, the freshness violation occurs
if the relative phase difference falls into a region £ that produces an update gap no
smaller than T, given by

=0, 7 —T™Murt, TuT! - 75, 0].
From Proposition 5.1, if 7, # T,T, the region £ has width at least G. Since the

relative offset moves in steps of G, it must fall inside £ for any offset y5, making
freshness violation unavoidable.
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On the other hand, when TuS = TuT, a feasible offset exists. In this case, the region
width of £ becomes 2(7,] — T'™), which is smaller than G = TS = T, leaving a
feasible feasible offset ¥ € (> — T™, T™). |

With the feasible ranges for individual CV sensing interval pairs and satellite
sensing time offset given in Proposition 5.2, the sensing intervals of SGs can be
optimized to minimize the estimated average resource cost in problem P2. Since
determining optimal intervals for all CVs is a combinatorial optimization problem
and finding a globally optimal solution is challenging [12].

To address this issue, we employ PSO, an evolutionary heuristic mechanism,
to solve problem P2. A set of particles forms a particle swarm, where each par-
ticle represents a candidate sensing interval solution for all CVs, denoted by
A= [Tus’ TMT]]X‘ﬂl.

Let X denote the set of particles. In each iteration, particles adjust their positions
and speeds within the solution space to discover the corresponding values from the
current positions [12]. For particle x in iteration y, its speed and position are updated
by

O =opt ™ ko (A= AP For (A= A0 66)
Ai)’) — A)(Cyfl) + p)({\'*l)_ (5.17)

Here A, is the best historical position of particle x, and A* is the global best position,
while &, and E* are the corresponding values calculated based on Eq. (5.11) at those
positions. In addition, o is the inertia weight for each particle to keep its speed from
the previous iteration, o7 and o, are the cognitive coefficient and the social coefficient
to control how much weight should be given to refining the search result of the particle
itself and recognizing the search result of the swarm consisting of the randomness for
exploration [13]. Since CVs within the same TSG share the same terrestrial sensing
interval, the following constraint should be satisfied, given by

T,}: = Tuj; = ]gT,Vul, U €8. (5.18)

For the PSO-based algorithm, each particle should explore the solution within the
solution space A € . If a particle violates Proposition 5.2 or 5.18, it is replaced by
a new randomly selected position within IF, for the exploration in the solution space.
Moreover, all sensing interval pairs should fulfill Proposition 5.2. After multiple
iterations, the positions of all particles can converge to the same position, indicating
the selected sensing interval pair for all CVs [13].

The details of the proposed PSO-based algorithm are given in Algorithm 3.
Denote the maximum number of iterations by y™#*. The particles are initialized with
the positions in the solution space I in Line 2. The position of each particle is updated
in each iteration according to Lines 5 to 14. Specifically, with a given position, i.e.,
the sensing interval pair of each CV, SSGs Q5 and the corresponding sensing interval
I® can be obtained through the coalition game-based partitioning algorithm, which
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Algorithm 3 PSO-based algorithm sensing interval determination

1: Input: QT o, 01, 02, ymax,

2: Initialization: y = 0, p¥ =0, AL e F,vx € X;

3: while y < y™¥* do

4: forx € Xdo

5 if Proposition 5.2 and Eq. (5.18) are not satisfied then

6: Replace the particle by a new AF{V) el;

7 Obtain sensing intervals II‘('V ) of TSGs according to Eq. (5.18);
8 Determine Qf’(y ) and Ii'(y ) based on Algorithm 4 and calculate E,((y );
9 if 2 < &, then

10: Update A, <« AV &, <« 8Y;
1 if &Y < E* then
12: Update A* < A, B* < 825

13: Update pngH) based on (5.16);
14: Select Ai’vﬂ) based on (5.17);
15: Output: QS 15, and I7

will be presented in Sect. 5.3.2. Finally, the outputs of the PSO-based algorithm are
the solution of problem P2 for each time interval.

5.3.2 Coalition Game-Based CV Partitioning Algorithm

Given the sensing interval candidates of individual CVs obtained from the PSO
procedure, the SSGs still need to be determined, while the TSGs are pre-defined
with the sensing interval according to Eq. (5.18). Since satellite sensing is performed
in a multicast manner, all CVs within the same SSG must share a common sensing
schedule, where the optimal SSGs and the corresponding sensing interval remain to
be determined to solve problem P2 with minimum resource costs. For each SSG s,
the group sensing interval and offset are determined based on the feasible sensing
interval and offset of all CVs in the group as follows.

Proposition 5.3 (SSG sensing interval and offset) Given the feasible sensing inter-
vals and offset sets of CVs within SSG s:

e [fall CVs in s have the same satellite sensing interval and share a non-empty
common feasible offset set, i.e.,

T =Ty, Vui, uz €5, ml/A/S;éQj, (5.19)

ues

then the SSG sensing interval and offset are

=17 ¥ =agmax|T" - (5.20)
(pe s
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where \ilss = (Nues I/Aff is the common feasible SSG sensing offset set;
e Otherwise, the SSG adopts the largest safe sensing interval

I3 = max{lc | Ik < T", 1 e NT}, WS =0. (5.21)

The first case enables efficient multicast sensing since all CVs can share a syn-
chronized sensing schedule. The second case guarantees freshness even when sensing
interval synchronization among CVs in the SSG is impossible.

Note that determining the optimal CV partition through a centralized exhaustive
search approach encounters high complexity. Hence, we model the CV grouping
problem as a coalition formation game to find the optimal SSGs [14].

Definition 5.1 (Coalition partition) A coalition partition TS = {sg, s1, ..., 8,},0 <
m < M, divides the CV set U into disjoint SSGs satisfying
S; ﬂsj Z@,VS[,SJ' S Fs,i 75_], and US,’ =U.

i<m

Each coalition corresponds to a multicast sensing group. The utility of coalition
s is defined as the negative estimated satellite resource cost in the time interval

P(s) = —C>. (5.22)

The objective is to maximize the total utility

I EDINIO! (5.23)

sel's

which is equivalent to minimizing satellite resource consumption. To enable coalition
adjustment, each CV evaluates candidate coalitions based on a preference relation.

Definition 5.2 (Preference relation) For CV u, a preference relation is defined by
>u, Where s; >, s; implies that CV u prefers joining coalition s; rather than s;.

The preference is determined by the marginal utility improvement, given as

Si >u8j & ¢(si U{u}) +¢(s; \ {u})) > ¢(si \ {u}) +¢(s; U{u}).  (5.24)

When CV u finds a more preferable coalition, the switch operation can be accepted
only if it increases the overall utility.

Definition 5.3 (Switch operation) If CV u currently in s; prefers coalition s;, the
partition is updated as

TS = (TS \ {s1, 521 U sy \ {u}} U {82 U {u}}.
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Algorithm 4 Coalition formation game-based algorithm for CV partitioning

1: Input: U, A;

2: Inmitialization: The initial partition of CVsis I"

3: repeat

4:  Randomly select CV u and choose another coalition s € I'S;

5: if CV prefers to join a new coalition s and s U {u} ¢ H(u) then

6: Add s U {u} to the history set H (u);

7: CV u detaches the current coalition and combines with the new coalition according to

Definition 5.3;

8: Update partition I'S;

9: until Switch operation terminates with a stable partition

10: Output: Final SSGs QS =TS, the sensing interval of all coalitions {Ils, s 1,751}, and the offset
(ws, .., ‘I";%} according to Proposition 5.3.

S

ini» Where CVs are partitioned into M coalitions;

Definition 5.4 (Nash stability) A partition is Nash-stable if no CV can improve its
preference by moving to another coalition [15].

Based on the above rules, we design a coalition formation game-based algorithm
for CV partitioning. The main procedure is given in Algorithm 4. Initially, CVs are
randomly divided into M coalitions. Then, as shown in lines 4 to 9, CVs iteratively
perform switch operations based on Definition 5.3 for a higher utility until a stable
partition is obtained as per Definition 5.4. Here, a set 9 («) records the history of
coalitions where CV u has previously joined to prevent repeated oscillations. Once
the partition becomes stable, the final SSGs are determined by QS = 'S, and their
sensing intervals and offsets are determined using Proposition 5.3.

5.3.3 Computational Complexity Analysis

In Algorithm 3, each particle represents a candidate sensing interval configura-
tion, which encodes the satellite and RSU sensing intervals for every CV. Since
CVs belonging to the same TSG share the same RSU sensing interval according
to Eq. (5.18), the dimension of a particle is proportional to the number of CVs
and RSUs. Thus, the particle dimension is O(NU). During each PSO iteration,
all particles update their speeds and positions once. Therefore, the computational
complexity per iteration is O (|X|NU), where |X] is the number of particles. After
obtaining sensing interval candidates, Algorithm 4 partitions CVs into SSGs using a
coalition formation game. In each iteration, the maximum number of CV selections
is UM. By considering the worst case, each CV is evaluated against M — 1 coali-
tions in each iteration. Hence, the complexity per iteration of the coalition formation
process is O(UM?). Let L, and L, denote the number of iterations required for the
PSO algorithm and coalition game to converge, respectively. Considering that the
coalition formation is executed inside each PSO iteration, the overall computational
complexity is O(L|X|(NU + L,UM?)). Because both L; and L, are finite and
typically small in practice, and the algorithms operate at a large timescale for CV
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partitioning, the proposed approach is computationally feasible for real-time STVN
management.

5.4 PPO-Based Real-Time Resource Allocation

With the determined SSGs and sensing intervals, the satellite needs to allocate com-
puting and communication resources for each SSG in real time for processing sensing
data and transmitting sensing results to CVs in each service group. In this section,
we reformulate problem P3 as a Markov decision process (MDP) and develop a rein-
forcement learning-based algorithm to obtain adaptive real-time resource allocation
decisions.

5.4.1 Markov Decision Process Formulation

Since the freshness and reliability constraint (5.10a) in P3 is defined over a long-term
time horizon, the resource allocation decision at each time slot cannot be optimized
independently. Directly solving such a sequential constrained optimization prob-
lem is difficult due to the coupling between instantaneous decisions and long-term
reliability performance. To handle this long-term impact, we adopt the Lyapunov
optimization framework and introduce a virtual reliability queue for each CV [16],
given by

H,(t +1) = max{H, () + 1,7 — &, 0}, (5.25)

where 1.on4irion = 1 if condition is true and 1.,,4i1i0n = O otherwise, and H, (1) =
0. Specifically, the virtual queue H, (¢t 4+ 1) enlarges at time slot # + 1 when the Aol
requirement is violated at time slot # and decreases if a new sensing result is received
within the freshness requirement. Therefore, stabilizing the virtual queue is equiva-
lent to guaranteeing that the long-term violation probability satisfies the reliability
constraint. To characterize the group-level reliability, we define the maximum virtual
queue value in each SSG s as H"*(¢) = max,¢s H, (¢). By incorporating the virtual
queue into the objective function, problem P3 can be transformed into

T

: S X T
P4£1é1s ST (O +nHM @)+ Y Ta@) (5.26)
t=1 \seQs(t) geQ (1)

st. (5.4),(5.5), (5.7), (5.8),

where the weight n balances resource cost and reliability performance.
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The formulated computing and communication resource allocation problem P4 is
still difficult to solve using deterministic optimization because the channel condition
and CV mobility are stochastic and time-varying. In this case, we reformulate prob-
lem P4 by leveraging MDP to model the randomness of channels and CV mobility.

Let &) = [p$S0(1), g™ (1), HM™ (1), Q3(1), WS(1), c§(t — 1), b3(1 — 1)]
denote the state of SSG s at time slot ¢, where g™ () = max,es{q,(?)}. Since the
number of SSGs varies over time, we adopt the maximum group number M to con-
struct a fixed-dimension state. The overall system state is S(t) = [&, (¢), . . ., s, ()]
€ G, where inactive groups are padded with zero vectors and & is the state space
with all possible states.

The action space consists of computing and communication resource allocation,
givenby A1) = {(c§ (1), b§ (). ..., (c5, (1), b5, (1))} € A, where A7) € ([0, 1] x
[0, 11)'*M Here, A = A° @ A’ is the action space combining the computing and
communication resource allocation actions, where ® is the Cartesian product.

The reward function, obtained from taking action A(¢) in state S(¢), is defined as
the negative system cost of a time slot, given by

RSO, AN =— Y (XSO +nH™®) = > T40). (5.27)

Se€QS(1) 2eQT(1)

Let IT denote the policy set mapping states in & to actions in 2. To estimate
the expected return of the current decision-making, a discounted cumulative reward
function is considered. The long-term objective is given by

T
max E [Z CR(S(0), Ar))

t=1

n] (5.28)

where ¢ € (0, 1) is the discount factor reflecting the importance of future rewards
compared with immediate rewards.

5.4.2 PPO-Based Algorithm for Resource Allocation

Considering that the state transition probabilities are unknown due to stochastic chan-
nel conditions and vehicle mobility, combined with the continuous action space, the
value-iteration or dynamic programming methods are not applicable for solving the
formulated MDP problem. Policy gradient-based reinforcement learning provides a
suitable solution as it directly learns a mapping from states to actions and updates
the policy to maximize the total reward without requiring transition probabilities.
Considering the learning stability and efficiency, we adopt a PPO-based algorithm
[17], which can reuse the historical samples and handle a large-scale problem to find
the optimal policy.
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Algorithm S PPO-based resource allocation algorithm

1: Initialization: Parameters 6 and ¢ for policy and state-value function, and buffer 8B;
2: for j €{1,2,..} do

Obtain initial state S(1);

4. forref{l,2,..,T}do

5: Execute action A(t) based on the policy mg;

6: Compute reward R(S(¢), A(r)) and observe new state S(r + 1);

7.

8

Record transition (S(t), A(t), R(t), S(t + 1)) into buffer B;
if + mod k = 0 then

9: Run Algorithm 3 to adjust sensing interval and CV partition;
10 foree{l,2,...,E}do

11: Sample a minibatch of transitions By from buffer B; )

12: Update policy parameter 0 < arg maxy ﬁ ZZN By Lelip(g)y;
13: Update state-value function parameter

9 < argming F— Y, s, (RN + Vo (Sl + 1) — Vo (Stn)))’
14:  Empty buffer 8 for a new training episode;
15: Output: Parameter 0;

Specifically, PPO constrains the policy update within a constrained region using a
clipped surrogate objective, preventing sudden policy changes between consecutive
updates. The goal is to find the optimal parameter 6 for policy 7y that maximizes the
clipped surrogate objective

LP(0) = E {min(& A™u, clip(&, 1 — 8, 1 + 8) A™u)} . (5.29)
Here,
79 (A|S)
== 5.30
&o o (AIS) (5.30)

is the probability ratio between the new policy and the old policy. The clipping
operator restricts &y to the interval [1 — §, 1 4 &], which prevents excessively large
policy updates and improves training stability. The advantage function quantifies the
advantage of the selected action over the expected return of the current state, defined
as

AT (S(1), A1) = R(S@), A@) + V(S + 1) — Va(S(0)), (5.31)
where V; (S(2)) is the state-value function parameterized by %, given by
Ve (S(t)) =E ZLiR(S(t +i+ 1), At +i+1)|S@) ;. (5.32)
i=0

A positive advantage encourages increasing the probability of selecting this action,
while a negative advantage suppresses it.
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Table 5.1 Simulation parameters

LEO satellite 40 dBm LEO satellite path-loss | 2.5
transmission power exponent

LEO satellite antenna | 32 dBi LEO satellite 250 MHz
gains bandwidth

CPU frequency in 1 Geycles/s CPU frequency in 1 Geycles/s
LEO satellite RSU

RSU transmission 32 dBm RSU path-loss 3

power exponent

RSU antenna gains 10 dBi RSU bandwidth 100 MHz
Noise power o2 —174 dBm/Hz CV antenna gains 10 dBi
Unit costs 0.5,25,0.1,05 Data processing 25 cycles/bit
Xf, XZS, XlT, X2T workload

Algorithm 5 describes the overall learning procedure, where E is the number of
training times in each episode to update the network parameters through different
minibatches and the buffer 8 is used to store transitions resulting from interactions
with the environment. During each time slot, the controller observes the network state,
allocates resources based on the current policy, and stores the transition samples, as
shown in Lines 5 to 7. After one episode, the collected samples are reused multiple
times to update the policy and value networks based on Lines 11 to 13, which signif-
icantly improves sample efficiency. Meanwhile, the large-timescale sensing interval
and CV partition decisions are periodically updated every k slots.

5.5 Performance Evaluation

In this section, simulations are conducted to evaluate the effectiveness of the proposed
CSTRS scheme. The simulated area corresponds to the beam coverage of a steerable
LEO satellite with an orbital altitude of 550 km and a velocity of 7.56 km/s. CVs and
RSUs are randomly distributed in the area, with the radius of the coverage area of
each RSU being 500 m. The target area consists of both urban and rural areas, where
different areas have different densities of RSUs and CVs. Urban areas have densities
of 10 RSUs/km? and 40 CVs/km?, while rural areas have densities of 2 RSUs/km? and
20 CVs/km?. CVs move with stochastic speed and direction. The freshness threshold
of sensing data is 100 ms and the reliability requirement is 0.99. Each time slot lasts
7 = 5 ms, and the SSG adjustment interval is 10s. The minimum sensing interval
from infrastructures is « = 20 ms. More communication and computing parameters
of the satellite and RSUs are summarized in Table 5.1 [18, 19].

For the PPO-based reinforcement learning algorithm, the deep neural network
consists of three fully connected hidden layers with (128, 128, 64) neurons and ReLLU
activation to realize a nonlinear approximation. Each training episode contains 8000
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Fig. 5.4 Convergence performance of training process

time slots with CVs and RSUs randomly reset at the beginning of each episode.
The training lasts 2000 episodes with a learning rate of 3 x 10~ and a clipping
ratio of 0.3. The convergence behavior is shown in Fig. 5.4 in terms of resource cost
and reliability in each episode, where the performances converge after around 1100
episodes.

Then, we evaluate the real-time resource allocation strategy with the following
three benchmark algorithms for resource allocation [20], namely (1) FCFS-based
allocation: LEO satellite adopts the first-come-first-serve policy by allocating all
available resources to the first requesting SSG; (2) Random allocation: LEO satellite
randomly allocates computing and communication resources for each SSG; and (3)
Average allocation: LEO satellite equally allocates computing and communications
resources to each SSG. For FCFS-based resource allocation algorithm, if multiple
SSGs start to process or transmit sensing data at the same time, all available resources
will be equally allocated to SSGs.

Figure 5.5 shows the performance under different CV densities in rural areas.
When traffic density is low, both FCFS and the proposed CSTRS schemes can sat-
isfy reliability, whereas the resource cost differs significantly. The proposed scheme
allocates resources according to urgency reflected by Aol and queue states, reduc-
ing unnecessary resource consumption. As the CV density increases, the difference
becomes more pronounced. FCFS prioritizes early arrivals rather than urgent sens-
ing tasks, leading to insufficient resources for other groups and degraded reliabil-
ity. Meanwhile, random and average allocation ignore the stringent data freshness
requirements of different CVs, resulting in low reliability performances. In contrast,
the proposed scheme maintains reliability by dynamically prioritizing groups with
higher freshness risk, demonstrating the necessity of adaptive allocation in dynamic
STVN .
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Fig. 5.5 Performance of different resource allocation algorithms
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Fig. 5.6 Performance of different CV partition policies

Next, we evaluate the effectiveness of the large-timescale PSO-assisted sensing
interval and CV partition algorithm in our proposed CSTRS scheme. The bench-
mark algorithms are fixed-number SSG with a predetermined SSG number and k-
means algorithm for clustering, which is solely based on CV positions at the begin-
ning of each time interval. The sensing interval of each SG is determined through
Algorithm 3, while the communication and computing resources are allocated by
adopting the PPO-based algorithm.

Figure 5.6 compares the resource cost and reliability performances of different CV
partition methods with different CV densities in rural areas. The proposed CSTRS
scheme with adaptive grouping significantly reduces resource cost compared with
other methods in dynamic STVN environments by jointly considering both LEO
satellite and terrestrial network capability. When CV density increases, fixed-number
SSG strategies face challenges in effectively utilizing terrestrial and satellite resources
due to improper CV partitioning and sensing intervals. Particularly, the reliability
of fixed-number SSG strategies cannot be fully guaranteed with a high CV density
due to inefficient resource allocation. In contrast, the proposed partition adapts the
sensing interval and grouping simultaneously, consistently maintains a low level of
resource cost, while satisfying reliability requirements.
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We further investigate the cooperation between satellite and RSU infrastructure
by comparing the LEO satellite resource cost of different CV partition strategies with
different RSU densities in the rural area. Figure 5.7 shows that increasing RSU den-
sity significantly reduces satellite resource consumption through the CSTRS scheme.
Specifically, the proposed CSTRS scheme adaptively shifts sensing responsibility
toward available terrestrial infrastructure, while fixed-number SSG strategies strug-
gle to exploit the spatial diversity across satellite and terrestrial networks. In this
case, despite increased RSU densities, the sensing interval remains small for SSGs,
resulting in a high resource cost.

Finally, Fig. 5.8 illustrates the resource cost for CVs in rural areas from the LEO
satellite and terrestrial RSUs. We can observe that when RSU density increases, the
RSU resource costrises, while the satellite resource cost decreases more substantially
for CVs. This is because the unit cost of satellite resources is higher than that of RSU
resources, and RSU can effectively serve more CVs with the same cost. Therefore,
cooperative resource scheduling from satellite and terrestrial networks minimizes the
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total cost by preferentially utilizing low-cost terrestrial resources while maintaining
satellite coverage for sparse regions.

5.6 Summary

In this chapter, we investigated a joint communication and computing resource
scheduling problem for infrastructure-assisted environment sensing in STVNs at
the operation stage. To cope with the dynamic network environment and stringent
freshness and reliability requirements, we proposed the CSTRS scheme, which is
a hybrid model-data co-driven approach that jointly determines CV partitioning,
sensing intervals, and real-time resource allocation decisions. By enabling coop-
erative scheduling between satellite and terrestrial networks, the proposed scheme
effectively exploits their complementary characteristics, achieving reliable sensing
performance with reduced resource consumption. Simulation results demonstrated
that the CSTRS scheme significantly improves resource efficiency while maintaining
high reliability compared with benchmark schemes. Beyond long-term reservation-
stage resource management, real-time orchestration of heterogeneous resources is
essential for supporting delay-critical vehicular services, thereby completing the
slicing-based two-stage resource management framework for STVNs from reserva-
tion to operation.
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Chapter 6 ®)
Summary and Future Directions e

Abstract In this chapter, we summarize the main contributions of this monograph
and discuss some future research directions for resource management in STVNS.

Keywords Satellite-terrestrial vehicular networks + User-centric service
provisioning + Agent-based intelligence - Autonomous resource management

6.1 Summary

In this monograph, we have developed a unified framework for resource management
in STVNSs. By jointly considering satellite communication characteristics and vehic-
ular service requirements, a two-stage slicing-based management has been investi-
gated, integrating theoretical performance modeling, long-term resource reservation,
and real-time resource allocation. The proposed framework enables coordinated uti-
lization of communication, computing, and caching resources across satellite and
terrestrial networks, providing reliable connectivity, efficient resource usage, and
adaptive service provisioning for diverse CV applications. The main contributions
of this monograph are summarized as follows:

1. A tractable analytical framework has been developed to characterize satellite—
terrestrial communication considering satellite mobility, constellation configura-
tion, and terrestrial deployment strategies. Based on analytical models, key per-
formance metrics can be evaluated, including service availability, outage prob-
ability, and system throughput. The results reveal the joint impact of satellite
coverage dynamics and ground infrastructure deployments on network reliability
and capacity, providing theoretical insights for STVNs and guidelines for resource
management mechanisms.

2. Building upon the analysis, a slicing-based two-stage resource management
framework has been proposed to coordinate communication, computing, and
caching resources across satellite and terrestrial segments, which can reduce deci-
sion complexity while maintaining responsiveness to dynamic environments. At
the reservation stage, we have studied HD map distribution in STVNs and pro-
posed a TLRS scheme. By exploiting the heterogeneous characteristics of mul-
ticast and unicast transmission modes, communication and caching resources
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are jointly reserved across satellite and terrestrial networks. A hybrid data—
model co-driven design has been developed, where reinforcement learning deter-
mines slicing window length and communication resource reservation, and a
matching-based algorithm optimizes multicast and caching decisions. The pro-
posed scheme can effectively balance resource utilization, delay performance, and
slice reconfiguration overhead under time-varying service demand and satellite
availability.

3. At the operation stage, we have investigated cooperative environment sensing
and the proposed CSTRS scheme. By leveraging the multicast capability of satel-
lites with dynamic connectivity conditions, CVs are grouped according to mobil-
ity and sensing requirements, and sensing intervals are adaptively determined
using coalition formation and particle swarm optimization methods. Based on the
resulting grouping structure, a reinforcement learning-based algorithm has been
developed for real-time communication and computing resource allocation to
satisfy freshness and reliability requirements under highly dynamic connectivity
conditions.

Overall, this monograph establishes a unified theoretical and practical frame-
work for resource management in STVNs. The proposed methodologies demon-
strate how the complementary characteristics of satellite and terrestrial infrastructures
can be exploited to enable reliable and adaptive service provisioning for CVs. The
developed theoretical modeling and resource management schemes can also provide
design guidelines for the evolution of resilient, scalable, and intelligent transportation
systems, and supporting innovations in integrated satellite—terrestrial networks.

6.2 Future Research Directions

The evolution of STVNs toward connected and intelligent vehicles reshapes service
provisioning, task inference, and network management. For future research, several
promising directions are outlined as follows.

1. User-centric service provisioning in STVNs: In STVNs, CVs may prefer satel-
lite or terrestrial connectivity depending on latency, coverage, and service charac-
teristics. However, unlike conventional heterogeneous networks, such preferences
evolve along mobility and connectivity availability. A link that maximizes instan-
taneous performance may degrade the overall experience due to short connection
durations, frequent handovers, or unstable availability along the driving trajec-
tory. Moreover, even for the same application, users exhibit diverse Quality of
Experience (QoE) requirements, such as different tolerance to delay, jitter, or
interruption, which cannot be adequately captured by slice-level QoS guarantees.
These characteristics motivate user-centric service provisioning in STVNs, where
resource orchestration is guided by the evolution of user experience rather than
instantaneous service performance. By leveraging spatiotemporal information,
including trajectory prediction and future visibility windows, the network can
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proactively maintain high QoE performance through adaptive access selection,
transmission pacing, and service continuity control. Realizing such provision-
ing requires scalable mechanisms that transform predicted network dynamics
into user experience control while balancing personalization and overall resource
efficiency, forming user-centric STVN management.

2. Resource management for intelligent agents in STVNs: CVs are evolving from
data consumers to intelligent agents capable of perception, reasoning, and collabo-
rative decision-making, forming connected autonomous vehicles (CAVs). Unlike
traditional applications that request predefined data services, agent-based driving
relies on continuous state interaction, cooperative inference, and distributed deci-
sion execution. Consequently, network traffic is no longer externally generated
but emerges during iterative perception—decision cycles, resulting in runtime-
evolving execution graphs and consequently non-stationary workloads. Specif-
ically, each intermediate observation during the inference may trigger replan-
ning, tool invocation, or model escalation. This leads to a tightly coupled system
in which agent behaviors reshape resource demand while network conditions
simultaneously influence agent strategies. Such interaction requires intention-
aware transmission, inference-oriented scheduling, and coordinated computing
across satellite and terrestrial infrastructures, rather than conventional latency-
or throughput-driven resource orchestration. Therefore, supporting distributed
intelligence requires a new resource management paradigm while controlling
resource consumption and ensuring service reliability for future STVN resource
management.

3. Agent-based autonomous management of STVNs: STVNs operate over a
large-scale and highly dynamic environment, where satellite mobility, intermit-
tent visibility, and geographically shifting demand make globally synchronized
or fully centralized control difficult and time-consuming in practice. A promis-
ing direction is to move toward agent-based autonomous management, where
distributed agents embedded in network entities act on behalf of the operator
through intent-driven closed loops, supported by enhanced observability, knowl-
edge representations, and digital twins for pre-execution validation. Specifically,
agents can exploit multi-source yet underutilized information, including pre-
dictable orbital trajectories, beam coverage schedules, satellite visibility windows,
and multi-domain load states, to proactively coordinate reservation, access selec-
tion, and operation-stage scheduling. Enabling such operation requires network
management to evolve from periodic optimization toward continuous decision
loops where network entities maintain local situational awareness and coordinate
actions through information exchange. In this case, new mechanisms are required
for STVN management, such as semantic observability that exposes intent-
relevant state, coordination for distributed decision alignment, and digital-twin-
assisted evaluation for validating candidate actions before deployment. These
capabilities establish the foundation for agent-based autonomous management
in STVNs, allowing the network to operate as an intent-driven, predictive, and
self-regulating system.
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