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ABSTRACT

The growing demand for flexible and efficient resource utilization of network
infrastructures has driven the development of Virtual Network Embedding (VNE).
Virtual Networks (VNs) are widely used in cloud computing and software-defined
networks (SDN), where different applications or services require independent,
isolated network topologies with specific requirements in terms of bandwidth, latency,
and reliability. The abstraction of VNs allows network operators to provide these
services without worrying about the underlying physical network's details. By using
VNE algorithms, the VN can be efficiently mapped onto the substrate networks
(SNs), ensuring that the QoS requirements are satisfied, and resource utilization is

maximized.

Among different issues studied in the field of VNE, we focus on the survivability
issue which deal with SN failure (in particular node failure) due to hardware
malfunctions, software bugs, or cyberattacks. For critical applications and services,
these failures can severely affect user satisfaction and operational reliability, making

survivability an essential consideration in VN design and management.

To address the survivability issue of VNE, we adopted a decoupled approach to tackle
survivability and embedding separately [16][17] with two new design principles.
First, the survivability issue is handled in the so-called augmentation phase, where
backup virtual nodes are added, along with corresponding backup virtual links, to

“augment” the VNs. By exploring various augmented VN strategies, this research
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identifies an augmentation strategy with the largest solution space for augmented
VNS, thereby enhancing the likelihood of finding a optimal augmented VN. Second,
an algorithm named Nest-Base was developed to quickly identify optimal augmented
VNs under the relaxed constraints. Finally, a mapping (embedding) algorithm with a
stronger linear correlation between resource increment of the augmentation phase and
embedding cost of the mapping (embedding) phase is also developed such that the
augmented VN with the minimum resource increment during the augmentation phase

will lead to the minimum mapping (embedding) cost during the mapping phase.

The simulation results indicate that Nest-Base provides the lowest embedding cost
while accommodating VNs significantly better than other approaches, including FIP,
FDP [16], and ProRed [17]. Under moderate-load network conditions, Nest-Base
achieves an embedding cost reduction ranging from 11.6% to 29.2% compared to FIP,
12.9% to 31.5% compared to FDP, and 18.9% to 25.4% compared to ProRed in small-
scale SNs. In large-scale SNs, the embedding cost reduction reaches 10.0% to 29.1%

over FIP, 11.7% to 31.0% over FDP, and 19.5% to 25.7% over ProRed.

Under high-load network conditions, the VN acceptance ratio of Nest-Base remains
within 60% to 70% in small-scale SNs and 85% to 100% in large-scale SNs.
Compared to FIP, FDP, and ProRed, Nest-Base achieves a VN acceptance ratio
improvement ranging from 25% to 35% over FIP, 30% over FDP, and 10% to 15%
over ProRed in small-scale SNs. In large-scale SNs, the VN acceptance ratio

improvement reaches 25% to 45% over FIP and FDP, and 2% to 12.5% over ProRed.

This highlights the practicality of our solution, underlining its value across a variety

of potential networking scenarios.
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CHAPTER 1
INTRODUCTION

1.1 Background of Virtual Network Embedding

The growing demand for flexible, scalable, and efficient resource utilization in
network infrastructures [1] has driven the development of Virtual Network
Embedding (VNE). VNE addresses the need to efficiently map virtual networks
(VNs) [2], which represent customizable and isolated network topologies, onto a

shared substrate network (SN).

A Virtual Network (VN) is a logical, abstracted representation of a network that is
decoupled from the physical substrate network. It consists of virtual nodes and virtual
links that represent computing resources (such as virtual machines or storage) and
communication pathways (such as virtualized network connections), respectively [3].
VNs are typically used in cloud computing, telecommunications, and software-
defined networking (SDN) environments, where different applications or services
require independent, isolated network topologies with specific requirements in terms

of bandwidth, latency, and reliability.

For example, consider an Infrastructure as a Service (IaaS) provider offering cloud
services [4]. The provider may host several virtual private networks (VPNs) for
different customers, each requiring different configurations based on their needs. One
customer might need a high-throughput network with minimal latency for video
streaming services, while another might need a more secure, low-bandwidth network
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for financial applications. These service requirements can be abstracted into VNs,
each with its own set of virtual nodes (representing virtual machines) and virtual links
(representing virtualized communication paths), mapped to the physical resources of

the substrate network.

The SN is the physical network infrastructure that provides the resources upon which
virtual networks are mapped. It consists of substrate nodes (the physical devices, such
as servers, routers, or switches) and substrate links (the physical communication paths
connecting these nodes, such as optical fibers or Ethernet cables). The substrate
network serves as the foundation for hosting multiple virtual networks, and resources

from the substrate are shared among different virtual networks.

The abstraction of VNs allows network operators to provide these services without
worrying about the underlying physical network's details. By using VNE algorithms,
the VN can be efficiently mapped onto the physical infrastructure, ensuring that the
QoS requirements are met and resource utilization is maximized [3]. This enables
flexible network management and the co-hosting of multiple, diverse VNs on the

same physical infrastructure, ensuring optimal use of the substrate network.

1.2 Background of Survivable Virtual Network Embedding

In SNs, node or link failures can occur due to various reasons such as hardware
malfunctions, software bugs, natural disasters, or cyberattacks. These failures can
disrupt the VNs mapped onto the physical infrastructure, causing loss of connectivity

or functionality.
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Such disruptions in VNs may lead to significant consequences, including service
outages, degraded performance, and potential financial losses. For critical applications
and services, these impacts can severely affect user satisfaction and operational
reliability, making survivability an essential consideration in VN design and

management.

Survivable Virtual Network Embedding (SVNE) is a research domain aimed at
addressing this issue [5]. Unlike VNE, which primarily focuses on the efficient
mapping of virtual networks onto substrate networks, SVNE explicitly incorporates
survivability considerations into the embedding process. It focuses on embedding a
VN onto an SN in a way that ensures the VN can continue to function normally, even

when part of the SN experiences failures.

The primary goal of SVNE is to solve the VNE problem under the constraint of
guaranteed survivability. This involves not only mapping virtual nodes and links to
physical resources efficiently but also ensuring that the VN can maintain its
functionality and service requirements despite potential failures in the substrate
network. These failures could include node failures, link failures, or even the failure

of a combination of nodes and links [6].

One of the key challenges in SVNE is its inherent complexity, which makes it an NP-
hard problem. This complexity stems from the fact that VNE, a foundational problem
for SVNE, is itself NP-hard. The NP-hard nature of VNE arises because it involves
finding an optimal mapping that minimizes embedding costs while satisfying the
resource constraints of both the virtual and substrate networks [7]. SVNE, building on
this complexity, introduces an additional challenge by requiring the embedding to
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ensure survivability. This means that SVNE not only needs to address the
optimization and constraint satisfaction issues of VNE but also must guarantee that
the virtual network remains functional despite substrate failures. These additional
survivability requirements further intensify the complexity of the problem, making

SVNE even more challenging to solve.

Due to the NP-hard nature of SVNE, many existing research papers simplify the
problem by focusing on either link failures or node failures, rather than addressing
both types of failures simultaneously. Among these, studies dealing with link failures
are more prevalent than those addressing node failures [8]. This discrepancy arises
because link failures tend to occur more frequently than node failures in substrate
networks [9]. Consequently, ensuring survivability against link failures has become a

primary focus in SVNE research.

1.3 Motivation

In network failure scenarios, link failures are significantly more common than
node failures. As a result, existing research has predominantly focused on addressing
link failures. However, node failures can similarly have a substantial impact on the
stability of network services, underscoring the importance of developing strategies to

address node failures effectively.

In this study, we concentrate on tackling the problem of single facility node failures,
which represents the most fundamental form of node survivability challenges. This
foundational research serves as a basis for addressing more complex node

survivability problems.
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VNE primarily focuses on solving the mapping problem, i.e., efficiently embedding
virtual nodes and links onto the substrate network. In contrast, SVNE in the context of
single facility node failures not only requires solving the mapping problem but also
incorporates survivability considerations. How to efficiently address both
survivability and mapping in single facility node failures scenarios remains a

challenging task.

Studies such as [10], [11], and [12] propose solutions that directly address the SVNE
problem by embedding virtual networks onto the SN while simultaneously ensuring
survivability. However, the large scale of SN makes it computationally infeasible to
efficiently solve such an NP-hard problem directly on the substrate network. This
inherent complexity limits the practical applicability of these methods, as they

struggle to balance efficiency and optimality in real-world scenarios.

To address these challenges, some studies [13]-[17] have proposed a decoupled
approach to tackle survivability and mapping separately. Specifically, these
approaches first augment the VN by integrating survivability requirements into the
VN, which results in an augmented VN with additional backup resources. Then, the
augmented VN is mapped onto the substrate network during the mapping

(embedding) phase, focusing solely on solving the mapping problem.

This decoupled strategy offers the following advantages:
1. Problem Size Reduction:
As the size of VN is generally smaller than that of the substrate network,
solving the survivability problem at the VN level significantly reduces

5
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problem complexity.

2. Increased Flexibility in the Mapping (Embedding) Phase:
Since the survivability requirements are already addressed during the VN
augmentation phase, the mapping (embedding) phase can focus on optimizing
a single objective, such as resource utilization efficiency or VN acceptance
rate. This allows for specialized algorithms to achieve lower mapping

(embedding) costs and higher efficiency in resource usage.

Although previous studies [13]-[15] proposed methods for constructing augmented
VNs by increasing backup resources to enhance survivability, they did not analyze
how the amount of backup resources impacts the mapping (embedding) cost when the
VN is mapped onto the SN. As a result, although their approaches aimed to improve
survivability at the VN level, they did not lead to cost-effective solutions for the

overall SVNE problem when embedded in the SN.

In contrast, studies in [16] and [17] not only introduced backup resources in the
augmented VN to enhance survivability but also considered the impact of these

backup resources on the mapping (embedding) cost. They assume that:

"The augmented VN with a smaller resource increment during the augmentation
phase will lead to a lower mapping (embedding) cost during the mapping
(embedding) phase, and the augmented VN with the smallest resource increment

can achieve the globally optimal mapping (embedding) cost."

Guided by this assumption, their methodologies focus on minimizing the resource
increment required for survivability during the VN augmentation phase, aiming to
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achieve the lowest mapping (embedding) cost in the subsequent mapping

(embedding) phase.

However, upon analyzing these methods, we identify significant limitations in their

design, which invalidate the aforementioned assumption:

1. Lack of a Linear Relationship Between the Increment in the Augmented
VN and Mapping (Embedding) Cost:
In practice, augmented VN with less increment tend to result in lower
mapping (embedding) costs. However, this correlation is not guaranteed. In
some cases, augmented VN with minimal increment may lead to higher
mapping (embedding) costs, while those with larger increment may achieve

lower mapping (embedding) costs.

2. Overly Narrow Solution Space Caused by Augmentation Constraints:
Excessive constraints imposed during the VN augmentation phase result in a
highly narrow solution space for possible augmented VN. A smaller solution
space reduces the likelihood of containing the globally optimal solution—i.e.,

the augmented VN that leads to the minimum mapping (embedding) cost.

The insufficient linearity between the resource increment of the augmented VN and
the mapping (embedding) cost indicates that mapping algorithms do not effectively
account for the influence of resource increments on embedding outcomes.
Furthermore, excessive constraints during VN augmentation limit the solution space.
To address these issues, it is necessary to redesign mapping algorithm to better
linearity between resource increment and mapping (embedding) cost, and adopt less
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restrictive augmentation method to expand the solution space, enhancing the chances

of achieving globally optimal embeddings.

1.4 Research Objectives and Problem Definition

The challenges outlined in Section 1.3 emphasize the need for innovative
approaches to address SVNE under single facility node failures. Existing methods
[16],[17] for generating augmented VNs and embedding them onto SNs exhibit

significant limitations.

This thesis addresses these issues by
1. Designing a Mapping Algorithm to Ensure Linearity Between Resource
Increment and Mapping (Embedding) Cost:
The lack of a linear relationship between resource increments and mapping
(embedding) costs is a major issue discussed. Therefore, one of the primary
objectives of this research is to design a mapping algorithm that addresses this
issue by ensuring a linear relationship between the resource increments in

augmented VN and the resulting mapping (embedding) cost.

2. Design for Augmented VN Generation Algorithm with Relaxed
Constraints:
A key issue identified in the motivation is the overly restrictive constraints in
the current augmented VN generation strategies. This research aims to design a
more flexible process for generating augmented VN with fewer constraints,
thus expanding the solution space and increasing the chances of finding

globally optimal solutions. An algorithm approach will be developed to enable
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the rapid generation of augmented VN with minimal resource increments. This
algorithm will prioritize both computational efficiency and the quality of the
generated augmented VN, aiming to produce solutions that are fast and optimal

in terms of resource increments.

. Validating the Performance of the Proposed Algorithms under the Relaxed
Constraints

This study aims to evaluate the proposed mapping algorithm and validate the
predictable linear relationship between resource increments and mapping
(embedding) costs. With the help of linearity, we can ensure that the minimally
incremented augmented VN, when mapped using the proposed algorithm,
achieves the lowest mapping (embedding) cost. Second, to demonstrate that the
lowest mapping (embedding) cost achieved through this approach can be found
using the proposed augmentation algorithm and is expected to be smaller than
the minimal mapping (embedding) cost achievable under existing methods

[16],[17].

In summary, this research focuses on scenarios involving a single facility node failure

in the context of the SVNE problem. Given a substrate network (SN) and a virtual

network request (VN request), the objective is to determine an augmented VN that

ensures survivability while minimizing the mapping (embedding) cost.

1.5 Thesis Contributions

This thesis makes several key contributions to the field of SVNE, particularly in

the design of augmented VN strategies and design of augmented VN algorithm and
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mapping algorithms that ensure minimal embedding costs. The main contributions are

summarized as follows:

1. We introduce an augmented VN strategy, MUPL, which has the highest
probability of containing the globally optimal augmented VN. By comparing
the solution space sizes of various augmented VN strategies, we confirm that
MUPL’s solution space is sufficiently large to almost always include the

globally optimal augmented VN in small-scale VNs.

2. To ensure a predictable relationship between resource increment and
embedding cost, we propose a mapping algorithm with linear properties,
guaranteeing a linear correlation between an augmented VN’s resource

increment and its embedding cost.

3. To efficiently identify the globally optimal augmented VN within the MUPL
strategy’s solution space, we develop the Nest-Base algorithm, which
significantly reduces computational complexity while maintaining optimality.
By integrating the Nest-Base algorithm with the proposed linear mapping
algorithm, we successfully achieve globally optimal embedding costs in

small-scale scenarios.

4. We conduct a numerical analysis using exhaustive search on small-scale VNs,
demonstrating that the Nest-Base algorithm, when combined with the linear
mapping algorithm, consistently finds augmented VNs with lower minimal
embedding costs than existing methods, ultimately reaching the globally
minimum embedding cost.

10
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5. Finally, we simulate real-world network conditions by designing scenarios
with both moderate and high substrate network loads. Under moderate loads,
our approach reduces embedding costs by at least 12% compared to existing
methods. Under high-load conditions, our approach improves the VNR
acceptance rate by at least 10%, demonstrating its adaptability and robustness

in resource-constrained environments.

1.6 Thesis Organization

This thesis is organized into six chapters as follows. Chapter 2 reviews the
related work on VNE and SVNE. Chapter 3 describes the system settings and
assumptions, including network models, resource constraints, and evaluation metrics.
Chapter 4 presents the proposed methods, including the Nest-Base algorithm and a
mapping algorithm with linear properties. Chapter 5 validates the proposed methods
through numerical analysis using exhaustive search and simulations that model
realistic scenarios, and compares their performance with existing approaches. Finally,

Chapter 6 concludes the thesis and discusses future research directions.
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CHAPTER 2
RELATED WORK

This chapter provides a review of related work on virtual network embedding (VNE)
and survivable virtual network embedding (SVNE). Section 2.1 focuses on existing
studies addressing the key challenges of VNE, particularly the issues related to
resource allocation and the embedding of virtual networks onto a substrate network

(SN) that is assumed to be failure-free.

Section 2.2 transitions to the domain of SVNE, which explores the survivability of
virtual networks under substrate failure. The discussion is divided into two
subsections: Section 2.2.1 focuses on addressing substrate link failure, while Section

2.2.2 focuses on substrate node failure.

Within Section 2.2.2, the discussion is further subdivided into two subsections:
Section 2.2.2.1 and Section 2.2.2.2. The former investigates scenarios where a failed
substrate node causes the failure of its adjacent substrate links, whereas the latter
considers cases where the adjacent substrate links remain functional despite the node

failure.

Section 2.3 identifies the limitations of existing augmented VN approaches. Section
2.3.1 examines the assumptions in [16] and [17] regarding the relationship between
resource increment and mapping cost. Section 2.3.2 focuses on the narrow solution

space of [17] and its impact on how low the minimum mapping cost can be.
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2.1 Virtual Network Embedding

VNE research has explored various challenges in SN resource management and
allocation. Both [18] and [19] focus on addressing network overload issues in SN.
[18] primarily addresses overloaded substrate links, which lead to virtual network
request (VNR) rejections, while [19] focuses on server overloads in substrate nodes,

specifically dealing with server crashes caused by excessive demand.

In addition to network overload, resource allocation inefficiencies within the VNE
process have also been a key area of focus. Both [20] and [21] address these
inefficiencies, albeit from different perspectives. [20] resolves the lack of
coordination between node and link mapping in the traditional two-phase VNE
process, while [21] explores the relative importance of substrate nodes by using a

node ranking method to improve resource allocation efficiency.

Expanding on these resource challenges, [22] and [23] investigate the VNE problem
in fog computing networks, where substrate nodes differ in computational
capabilities, functionality, and operational costs. [22] focuses on environments with
heterogeneous functional substrate nodes, while [23] addresses the challenge of
solving VNE under varying per-unit resource costs of substrate nodes while meeting

low-latency constraints.

Finally, [24] highlights the complexity of embedding VN across multiple SNs
managed by different infrastructure providers (InPs). This complexity arises from the
varying policies of each SN and the competition among InPs to maximize the

utilization of their high-profit resources.
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2.2 Survivable Virtual Network Embedding

VNE studies have explored resource optimization through techniques such as load
balancing, coordinated node and link mapping [18]-[24]. However, these studies are
often based on simplified assumptions, such as stable substrate networks without node

or link failures, limiting their applicability in real-world scenarios.

To address these limitations, SVNE expands the scope of VNE by incorporating
backup resources and recovery mechanisms to manage potential failures. Researchers
commonly divide the SVNE problem into two subproblems: addressing link failures
and addressing node failures. This decomposition allows for more focused discussions
on the unique challenges posed by each failure scenario. The following sections

discuss the challenges associated with these subproblems.

2.2.1 Link Failure in Virtual Network Embedding

In [25], the authors proposed an approach to ensure the survivability of virtual
networks under single substrate link failures by allocating a disjoint backup path for
each primary path mapped during the embedding process. In [26], the authors built on
this by introducing a migratory shared protection scheme. This approach prepares
backup nodes and allows virtual nodes to migrate to backup nodes that are closer to
other virtual nodes, effectively reducing the length of the backup path and optimizing

resource utilization.

In [27], the authors further advance survivability by extending the single path
approach to multiple disjoint primary paths with uniform bandwidth requirements. A

single backup path is configured to protect these disjoint primary paths, ensuring that
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when a single substrate link fails, the unaffected primary paths and the backup path
can maintain service continuity. This design reduces the required backup bandwidth
compared to earlier methods. In [28], the authors enhance the multi-path splitting
approach proposed in [27] by integrating resource sharing techniques to further
reduce backup resource requirements. It combines path splitting with two types of
resource sharing: intra-sharing and inter-sharing. Intra-sharing occurs within a single
virtual network request, where backup resources for different virtual links are shared
to minimize redundancy. Inter-sharing allows backup resources to be shared across
multiple VNRs by overlapping backup paths strategically while ensuring
survivability. These enhancements enable [28] to achieve greater efficiency in backup

resource utilization compared to [27].

2.2.2 Node Failure in Virtual Network Embedding

Node failures in virtual network embedding are divided into switching node failure
and facility node failure. Switching node failure not only disrupt the failed node but
also cause the failure of its adjacent substrate links, introducing the additional
challenge of addressing link failures alongside node failures. In contrast, facility node
failure only affects the failed node, requiring solutions that focus solely on node

survivability.

2.2.2.1 Switching Node Failure

In [10], the authors address switching node failures by re-mapping affected virtual
nodes to functioning substrate nodes and restoring connectivity through efficient path
re-mapping algorithms. The study utilizes the Max-Flow Algorithm to identify

feasible paths for multiple affected virtual links simultaneously, optimizing bandwidth
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utilization and avoiding the bottlenecks caused by bandwidth insufficiency that can
arise in sequential re-mapping processes. Additionally, the Shortest Path Algorithm is
employed to restore affected virtual links when only path failures occur due to a

switching node failure.

In [11], the authors address the challenge of restoring VN under switching node
failures. To ensure recovery, the study focuses on selectively re-mapping only the
affected virtual nodes and links, while leaving the unaffected parts of the VN
unchanged. By pre-allocating redundant resources, including computing capacity and

bandwidth, this approach ensures efficient recovery and maintains service continuity.

In [12], the authors propose a dual-mapping approach for virtual networks to ensure
survivability against switching node failures. This method maps the virtual network
into two completely disjoint copies: a primary virtual network for normal operations
and a backup virtual network for recovery. The substrate nodes and links used for the
primary and backup networks are entirely separate, enabling the approach to
effectively handle both mapped node and link failures. In the event of a switching
node failure, all operations are migrated from the primary resources to the backup

resources, ensuring immediate recovery and uninterrupted service continuity.

2.2.2.2 Facility Node Failure

Facility node failure assumes that only the failed substrate node becomes non-
functional while its adjacent substrate links remain intact. This contrasts with
switching node failure, in which both the node and its adjacent links fail, requiring

both node and link recovery strategies. Due to this distinction, the studies discussed in
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Section 2.2.2.1 on switching node failure ([10], [11], and [12]) can also be applied to

address the SVNE problem in facility node failure scenarios.

Studies such as [10], [11], and [12] propose solutions that directly address the SVNE
problem by embedding virtual networks onto the SN while simultaneously ensuring
survivability. However, the large scale of SN makes it computationally infeasible to
efficiently solve such an NP-hard problem. This inherent complexity limits the
practical applicability of these methods, as they struggle to balance efficiency and
optimality in real-world scenarios. To address these challenges, some studies have
proposed a decoupled approach to tackle survivability and mapping separately [13]-
[17]. Specifically, these approaches first augment the VN by integrating survivability
requirements into the VN. Then, the augmented VN is mapped onto the substrate
network during the mapping (embedding) phase, focusing solely on solving the

mapping problem. This decoupled strategy offers the following advantages.

1. Problem Size Reduction:
As the size of VN is generally smaller than that of the substrate network, solving
the survivability problem at the VN level significantly reduces problem
complexity.

2. Increased Flexibility in the Mapping (Embedding) Phase:
Since the survivability requirements are already addressed during the VN
augmentation phase, the mapping (embedding) phase can focus on optimizing a
single objective, such as resource utilization efficiency or VN acceptance rate.
This allows for specialized algorithms to achieve lower costs and higher

efficiency in resource usage.
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To address survivability, the work in [13] proposes two redundancy-based approaches
for ensuring survivability: 1-redundant and N-redundant methods. The 1-redundant
method assigns a single backup node to protect all virtual nodes, whereas the N-
redundant method allocates N backup nodes, each dedicated to protecting a specific
virtual node, where N represents the number of primary virtual nodes in the VN. In
the mapping (embedding) phase, the primary virtual resources, including virtual nodes
and virtual links, are first mapped using existing VNE mapping algorithms [2].
Subsequently, it solves a Mixed-Integer Linear Programming (MILP) problem to map
the backup resources, including backup virtual nodes and backup virtual links, onto
the SN. This step combines the embedding and survivability problems into a single

optimization problem on the SN.

The study in [14] employs an N/2-redundant approach that augments the VN by
adding backup nodes equivalent to half the number of primary virtual nodes,
specifically assigned to protect the top N/2 primary virtual nodes with the highest
degrees. The remaining primary virtual nodes, however, are not initially protected in
this phase. Additionally, the VN is augmented with the necessary backup links to
support the survivability design. For embedding, primary virtual resources are
mapped using the PSO algorithm from [29], and the backup resources are mapped
using the same algorithm to ensure the survivability of all primary virtual nodes
during the mapping process. This approach safeguards the previously unprotected
primary virtual nodes by assigning specific backup nodes during the embedding

phase.

The study in [15] proposes a method to ensure survivability by assigning a dedicated
backup node to protect each primary virtual node in the VN and introducing
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corresponding backup links. Unlike [13] and [14], where primary and backup
resources are mapped in separate phases, this unified process utilizes a Tabu-search

algorithm to solve the combined mapping problem.

Although previous studies [13]-[15] proposed methods for constructing augmented
VNs by increasing backup resources to enhance survivability, they did not analyze
how the amount of backup resources impacts the mapping (embedding) cost when the
augmented VN is mapped onto the SN. As a result, although their approaches aimed
to improve survivability at the VN level, they did not lead to cost-effective solutions
for the SVNE problem when embedded in the SN. This gap highlights the need for
further investigation into the relationship between backup resource increment and

mapping (embedding) costs to develop more efficient SVNE strategies.

In contrast, studies in [16] and [17] assumed that minimizing the resource increment
during the augmentation phase would lead to a lower mapping (embedding) cost,
ultimately achieving a globally optimal solution. Their methodologies, therefore,
focused on reducing the resource increment required for survivability, aiming to

achieve cost efficiency in the mapping (embedding) phase.

In [16], the study proposes two protection mechanisms: Failure Independent
Protection (FIP) and Failure Dependent Protection (FDP). These mechanisms define
how virtual nodes are handled during a single facility node failure. FIP allows only
the affected virtual node to migrate, with each migrating to a pre-designated backup
node. In contrast, FDP permits both affected and unaffected virtual nodes to migrate,
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allowing any virtual node to relocate to either an existing backup node or another
functioning virtual node's original location that has become vacant. This approach
allows for more efficient utilization of backup resources, thereby minimizing the

required backup resource increments.

20 15
30

0—O0

Fig.1 A virtual network (VN) Fig.2 FIP: a affected by node failure

In the FIP method, only the affected virtual node is allowed to migrate in the event of
a failure. For example, consider Fig. 1, which illustrates an VN. To augment this VN
and enhance its survivability, the augmentation process is applied as shown in Fig. 2.
In Fig. 2, if the virtual node a is affected by a failure, it is migrated to a designated
backup node. To restore the transmission service of a, virtual backup links are
provisioned between o and other relevant nodes. The backup resources allocated
specifically for a in case of failure are highlighted in red, representing the additional

computational and bandwidth requirements necessary for ensuring survivability.
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Fig.4 FIP: y affected by node failure

(\ 30 ¢
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X

Fig.5 FIP: § affected by node failure
Figures 3, 4, and 5 illustrate the sequential process of handling failures for virtual
nodes B, v, and 9§, respectively. When each virtual node is affected, it is migrated to a
designated backup node, and virtual backup links are established to restore its

transmission service.

To optimize resource usage, backup resources can be shared across different failure
scenarios, effectively reducing the overall increment in backup resource. Specifically,
the additional backup resources allocated to protect B, y, and 6 are highlighted in
orange, green, and purple text, respectively. These color-coded annotations represent
the respective increases in computational and bandwidth resources necessary to

maintain survivability.
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Finally, the total increment for augmenting this VN using the FIP method is
calculated. The node resource increment is 25, the bandwidth increment is 120, and

the total resource increment of the augmented VN is 145.

In the FDP method, both affected and unaffected virtual nodes are allowed to migrate
in the event of a failure. To efficiently identify migration strategies that minimize
resource increments while ensuring survivability, an increment matrix is constructed.
In this matrix, the columns represent virtual nodes, and the rows represent functioning
vacant nodes to which these virtual nodes can migrate. These functioning vacant

nodes can either be backup node or the original locations of other virtual nodes.

r

30 ¢« "\\‘

origin/migration backup B y 6

<R ™R

Fig.6 FDP: o migrates to backup, increment recorded in increment matrix

For instance, consider the case where virtual node a is affected. Fig. 6 illustrates the
augmentation process for migrating o to a backup node. The total resource increment
required for this migration amounts to 65 units, encompassing both computational and

bandwidth resources.
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Fig.7 FDP: o migrates to B’s vacant node, increment recorded in increment matrix

Virtual node a can also be migrated to the original locations of other virtual nodes
apart from its designated backup node. For instance, as shown in Fig. 7, a is migrated
to the vacant node originally allocated to virtual node B. In this scenario, § must
subsequently be relocated to another vacant node to accommodate o's migration.
However, to avoid increasing the complexity of the increment matrix, the actual
relocation position of B is not considered. Instead, only the migration cost associated
with a utilizing the vacant node is accounted for in the calculation. In this case, the

total resource increment required amounts to 50 units.

origin/migration backup B 'y &
65 50 20 50
70

SR ™R

Fig.8 FDP: migrates to other vacant nodes, increment recorded in increment matrix

Using the same approach, the incremental resource requirements for migrating o to
two other functioning vacant nodes are calculated, requiring 20 and 50 additional

resources, respectively, as shown in Fig. 8. Furthermore, other unaffected virtual
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nodes can also migrate. For instance, as illustrated in Fig. 8, when § migrates to its
designated backup node, the total resource increment required for this migration is. 70.
As previously mentioned, to reduce the complexity of the matrix computation, only

the migration cost of f is considered, without accounting for the actual position of a.

Using the same method, the incremental resource requirements for all potential
migration locations of all virtual nodes are calculated under the scenario where the
virtual node a is affected. Following the principle that each virtual node must be
assigned to a distinct functioning vacant node, the optimal migration strategy with the

minimum resource increment is identified to ensure service continuity.

origin/migration backup L 'y 6

a 65 50 20 50
B 70 B0 60 40
Y 55 45 @ 45
5 65 35 55 20

Fig.9 FDP: a affected with minimum bipartite matching

To achieve this, the Hungarian algorithm is applied to the increment matrix to
determine the minimum-increment bipartite matching. As illustrated in Fig. 9, the
optimal bipartite matching identified involves migrating only a to its backup node.
The results of the bipartite matching are highlighted with a green background to

indicate the selected allocations.
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Fig.10 FDP: B affected with minimum bipartite matching
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Fig.11 FDP: vy affected with minimum bipartite matching
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Fig.12 FDP: 9§ affected with minimum bipartite matching

Next, for each potential single node failure scenario, the same method is applied to
construct increment matrices and calculate the migration costs for all virtual nodes.
Using the Hungarian algorithm, the minimum-increment bipartite matching is

determined for each increment matrix. As shown in Figs. 10, 11, and 12, the optimal
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bipartite matchings are identified for the cases where the virtual nodes of 8, v, and o is
affected, respectively. The additional backup resource increments required under these
failure scenarios are highlighted in orange, green, and purple text, respectively, to
distinguish the contributions for each failure scenario. Finally, the total increment for
augmenting this VN using the FDP method is calculated. The node resource
increment is 25, the bandwidth increment is 135, and the total resource increment of

the augmented VN is 160.

A 90*(90+80+70)=21600
80*(90+80+90)=20800
75*(70+60+50+60)=18000
65*(80+80+80+60)=19500
80*(80+50+50)=14400
100*(50+90+110)=25000
70*(60+60)=8400
50*(60+110+50+60)=14000
50%(50+60)=5500

100 50, 60 = d
- ~ ubstratenode | metric |
F E 110 m _
I 60
(€]

= T [ n fml O @) ©

Substrate network(SN)

Fig.13 SN and substrate node metric values

After completing the augmentation of the VN, the augmented VN is mapped onto the
SN. The mapping process begins with node mapping, where virtual nodes are
sequentially mapped to substrate nodes in an arbitrary order that satisfy the
computational resource requirements and maximize the metric value. The metric is
defined as the product of the available computational resources of a substrate node

and the total available bandwidth of its adjacent substrate links, as illustrated in Fig.

13.
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Fig.14 Mapping of primary nodes and links

Following this process, and taking the augmented VN generated under the FDP
method as an example, virtual nodes a, B, v, 8, and the backup node are mapped to
substrate nodes F, A, B, D, and C, respectively, as shown in Fig. 14. After node
mapping is completed, the primary virtual links are then mapped using the shortest

path algorithm, also depicted in Fig. 14.

Next, the mapping process continues with the allocation of backup paths. It is
important to note that during the augmentation of the VN, the consideration of backup
bandwidth sharing does not account for the potential sharing of bandwidth among
different backup links. To minimize the usage of backup bandwidth on the SN, the
backup paths are not mapped according to the predefined augmented VN. Instead, the
process considers one virtual node is affected at a time and identifies backup paths to
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restore the normal operation of the VN. This approach maximizes the potential for

bandwidth sharing across the SN, reducing the overall consumption of backup

resources.

Virtual Major Backup Bandwidth
link Path Path demand
- ABF CA 30

a—p

B—vy AB . 15
y—6 DB . 30
§—a DBF cD 20

Fig.15 FDP: Backup resource mapping for a affected

To address the scenario where a is affected, o is migrated to the backup node located
on substrate node C. Subsequently, a weighted shortest path algorithm is employed to

identify and map the backup paths required to restore connectivity, as illustrated in

Fig. 15.
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Fig.16 FDP: Backup resource mapping for  affected

When virtual node B is affected, following the virtual node migration strategy defined
in the augmented VN, a is migrated to the backup node located on substrate node C,
and P is migrated to substrate node F, which previously hosted a. To minimize
bandwidth costs, shared backup paths and the reuse of primary paths released during
the virtual node migrations are utilized. Additionally, the weighted shortest path

algorithm is employed to identify the least-cost paths for backup mapping, as

illustrated in Fig. 16.
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Fig.17 FDP: Backup resource mapping for y affected

When virtual node v is affected, following the virtual node migration strategy defined
in the augmented VN, vy is migrated to the backup node located on substrate node C.
As before, the weighted shortest path algorithm is utilized to identify the least-cost

paths, ensuring minimal bandwidth consumption, as illustrated in Fig. 17.

30
doi:10.6342/NTU202501591



Virtual Major Backup Bandwidth
link Path Path demand
— ABF - 30

a—p

=7 AB - 15
y—26 DB CDB 30
S§—a DBF CDBF 20

Fig.18 FDP: Backup resource mapping for 6 affected

When virtual node § is affected, following the virtual node migration strategy defined
in the augmented VN, & is migrated to the backup node located on substrate node C.
Similarly, the weighted shortest path algorithm is employed to identify the least-cost

paths, ensuring that the backup path mapping minimizes bandwidth consumption, as

illustrated in Fig. 18.

Since all primary virtual nodes are protected through the backup node and backup
paths, this solution ensures survivability in the event of a single facility node failure.
The total mapping cost is then calculated as follows: the computational cost is 90, the

bandwidth cost is 225, resulting in a total mapping cost of 90+225=315.
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In [17], the study introduces an innovative approach to enhance survivability by
strategically placing backup node on the virtual links between two primary virtual
nodes. This placement allows virtual node migrating to the backup node to efficiently
reuse released bandwidth resources, thereby optimizing resource utilization during
virtual node migration. Additionally, compared to [16], [17] allows for multiple
backup nodes within the augmented virtual network but restricts migration to affected
virtual node only. This design improves the efficiency of backup bandwidth and the
utilization of released primary bandwidth, ultimately reducing the required backup

bandwidth increment and further minimizing resource overhead.

25
30 30
x——@——/

20 15

Fig.19 a affected, migrates to backup node

The authors propose a heuristic method called Prognostic Redesign Heuristic
(ProRed) for augmenting the VN. Taking the VN in Fig. 1 as an example, the heuristic
begins by selecting the primary virtual node with the highest degree for protection. In
this case, since all four primary virtual nodes have the same degree, any node can be
selected arbitrarily. For instance, if a is chosen, a backup node is placed on the
primary link between a and B. This placement is strategic, as the primary link between
o and [ has the highest bandwidth requirement 30 among o's adjacent links. When the
virtual node a is affected, a is migrated to the backup node. This approach efficiently
reuses the released primary bandwidth to re-establish connections with & and 3,
ensuring service continuity while minimizing additional bandwidth requirements, as
shown in Fig. 19.
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Fig.20 B affected, migrates to backup node

Next, the heuristic proceeds to protect the primary virtual node 3, which is adjacent to
the backup node. Similarly, when the virtual node 3 is affected, B is migrated to the
backup node. This migration efficiently reuses the released primary bandwidth to re-

establish connections with a and v, as illustrated in Fig. 20.

To minimize the increase in backup bandwidth, if the virtual node y or 6 is affected,
using the backup node placed between a and B to protect y or 6 would require
additional backup bandwidth on the link between a and B. This is because y or d can
only restore their services through the existing links, which are already utilizing the
bandwidth between a and B. Therefore, additional backup bandwidth would be

necessary.

To address this limitation, a second backup node is introduced to protect y and d. This
second backup node is placed on the primary link between y and 9, allowing both y
and 9 to share this backup node effectively. Since the backup node between o and f3
exclusively protects a and f, a set is created to group a, B, and their shared backup
node, representing that all primary virtual nodes within this set are protected by the
corresponding backup node.
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Fig.21 y affected, migrates to backup Fig.22 § affected, migrates to backup

node node

As illustrated in Fig. 21 and Fig. 22, the scenarios depict the migration of y or o to the
second backup node when v or § is affected. By utilizing the second backup node, y
and o can effectively reuse the released bandwidth, significantly reducing the required

increment in bandwidth resources.

Furthermore, since the second backup node provides protection for both y and 9, they
are grouped together into a set, representing that the primary virtual nodes within this

set are collectively protected by the second backup node.
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Fig.23 ProRed: Augmented VN

With all the primary virtual nodes protected by backup nodes, the augmented VN
design is completed, as shown in Fig. 23. Finally, the resource increments are
calculated, with the backup computational resource increment being 40 and the

backup bandwidth resource increment being 60, resulting in a total resource increment

of 100.
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Fig.24 First node mapping of augmented VN
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Fig.25 Substrate node metric values

After completing the augmentation of the VN using the ProRed algorithm, the next
step involves mapping the augmented VN onto the SN. The mapping process begins
by selecting the backup node within the augmented VN that is part of the set with the
largest adjacent bandwidth requirement, such as the backup node from set 1. This
backup node is then mapped onto the substrate node with the highest metric value that
also satisfies the computational resource requirements, for example, substrate node D,
as illustrated in Fig. 24. The metric value is calculated similarly to the approach
shown in Fig. 13, where the degree of the substrate node is multiplied by the total

available bandwidth of its adjacent substrate links, as shown in Fig. 25.
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Fig.26 Mapping of nodes adjacent Fig.27 Link mapping

to backup node

Next, all virtual nodes in set 1 are mapped sequentially, with the order determined by
the bandwidth requirements between each node and the already-mapped backup node.
These requirements are sorted in descending order. Since o and B both have the same
bandwidth requirement with the backup node, either can be chosen first. For example,
a is mapped first, followed by . Virtual node o is mapped to the substrate node
closest to the substrate node where the backup node is mapped (node D) and with the
highest metric value, as shown in Fig. 26, such as substrate node C. Similarly,  is
mapped to the substrate node closest to node D and with the highest metric value,

such as substrate node B, as illustrated in Fig. 26.

Since there is a primary virtual link between a and f in the original VN, as shown in
Fig. 1, the primary virtual link between these two virtual nodes is then mapped to the

substrate network, as shown in Fig. 27.
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Fig.28 Mapping of node adjacent to o Fig.29 Mapping of node adjacent to 6

After completing the mapping of all virtual nodes in set 1, the next step is to map the
virtual node with the highest bandwidth requirement for its primary virtual link
connected to set 1. For instance, d is selected. Similarly, 6 is mapped to the substrate
node closest to the substrate node where a is mapped (node C) and with the highest
metric value, such as substrate node A. Since there is a primary virtual link between 6
and o in the original VN, as shown in Fig. 1, this primary virtual link is also mapped
to the substrate network. The mapping process and resulting connections are

illustrated in Fig. 28.

Next, the remaining virtual nodes in set 2 are mapped, starting with the backup node
followed by v, as the bandwidth requirement between the backup node and already
mapped nodes is higher. The backup node is mapped to the substrate node closest to
the substrate node where 6 is mapped (node A) and with the highest metric value,

such as substrate node F, as shown in Fig. 29.
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Fig.30 Mapping of nodes adjacent Fig.31 Link mapping

to backup node

Finally, vy is mapped to the substrate node closest to both the substrate node where the
backup node is mapped (node F) and the substrate node where 3 is mapped (node B),
while also having the highest metric value, such as substrate node H, as shown in Fig.
30. Subsequently, the primary paths between y and f3, as well as between y and 9, are

mapped, as illustrated in Fig. 31.

Once all primary and backup virtual nodes, as well as the primary virtual links, have
been mapped, the next step is to handle the mapping of the backup virtual paths. Since
the mapping of the primary virtual paths aimed to minimize bandwidth mapping
costs, it did not account for whether the primary paths passed through backup nodes.
As a result, the backup virtual paths cannot fully adhere to the structure of the
augmented VN. Instead, the process considers one virtual node is affected at a time
and identifies backup paths to restore the normal operation of the VN. This approach

maximizes the reuse of released primary path bandwidth while ensuring survivability.
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Fig.32 Backup links mapping for o affected

The process sequentially considers one virtual node is affected at a time, in an
arbitrary order. For example, it handles the failure scenarios where virtual nodes a, f3,
v, and o are affected one at a time, sequentially. First, when the virtual node o is
affected, the virtual node o is migrated to the backup node located at substrate node
D. The backup paths are then established, leveraging the released primary path

bandwidth to restore connectivity efficiently, as illustrated in Fig. 32.
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Fig.33 Backup links mapping for B affected
Next, when the virtual node B is affected, the virtual node B3 is migrated to the
backup node located at substrate node D. Backup paths are then established,

utilizing the released primary path bandwidth to restore connectivity effectively,

as shown in Fig. 33.
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Fig.34 Backup links mapping for y affected

Next, when the virtual node vy is affected, the virtual node y is migrated to the backup
node located at substrate node F. Backup paths are established by utilizing the

released primary path bandwidth to restore connectivity effectively, as shown in Fig.

34.
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Fig.35 Backup links mapping for 6 affected

Finally, when the virtual node § is affected, the virtual node 6 is migrated to the
backup node located at substrate node F. Backup paths are established by leveraging
the released primary path bandwidth to efficiently restore connectivity, as illustrated

in Fig. 35.

With the completion of the augmented VN mapping, this solution ensures
survivability in the event of a single facility node failure. The total mapping cost is
then calculated as follows: the computational cost is 105, the bandwidth cost is 200,
resulting in a total mapping cost of 105 + 200 = 305. Notably, in this example, no
additional backup bandwidth needs to be reserved, demonstrating the perfect sharing

of backup resources.
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2.3 Identified Problems of [16] and [17]

Although the two studies [16],[17] propose different methods for constructing
augmented VNs, they share a common assumption: the augmented VN with a smaller
resource increment during the augmentation phase will lead to a lower embedding
cost during the mapping (embedding) phase. As a result, the augmented VN with the
smallest increment is expected to achieve the globally optimal embedding cost.
However, we have found that such a linear relationship between the increment in the
augmentation phase and the mapping cost in the embedding phase does not
necessarily exist. This issue is analyzed in Section 2.3.1, where we demonstrate that
both [16] and [17] fail to ensure this linearity, as their heuristic approaches do not

consistently correlate smaller increments with lower embedding costs.

Furthermore, [17] imposes stricter constraints on the VN augmentation process
compared to [16], as discussed in Section 2.3.1. These constraints make the
augmentation process in [17] less flexible, leading to a smaller solution space for
possible augmented VNs. In Section 2.3.2, we further examine how this narrower
solution space affects how low the minimum mapping cost can be, in comparison to

[16].

2.3.1 Lack of Linearity in [16] and [17]

In [16], the study introduces two augmentation methods, Failure Independent
Protection (FIP) and Failure Dependent Protection (FDP). FDP offers greater

flexibility in augmentation strategies compared to FIP.
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FIP and FDP define two solution spaces of possible augmented VNs, each reflecting
the constraints and flexibility in their respective virtual node migration rules. FIP is
highly restrictive, assigning each affected virtual node to a pre-designated backup
node, which leaves only one possible migration configuration per failure scenario,
resulting in a solution space that contains only a single augmented VN. Conversely,
FDP allows both affected and unaffected virtual nodes to migrate, leading to a
significantly larger solution space of possible augmented VNs. For a VN with N =4
virtual nodes, as shown in Fig. 1, each failure scenario permits 4! = 24 unique
migration arrangements of the virtual nodes. Since the augmented VN's total backup
resource increment is derived from the cumulative resource increments required
across all failure scenarios, these migration options are independently considered for
each of the N = 4 failure scenarios. As a result, the solution space under FDP contains

(NDHN = (41)* = 331776 augmented VNs.

Fig.36 FIP: Augmented VN Fig.37 FDP: Augmented VN

Fig. 36 depicts the augmented VN produced using the FIP method, which results in a
total resource increment of 145. In contrast, Fig. 37 illustrates the augmented VN
generated through the FDP method, yielding a total resource increment of 160.

Although the FDP method employs a more flexible augmentation strategy compared
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to FIP and is expected to yield an augmented VN with a smaller resource increment, it
fails to achieve this. This discrepancy arises because the augmentation matrix used in
FDP evaluates backup resources independently for each failure scenario, without

considering the global optimality of the overall backup resource configuration.

On the other hand, the example presented in Section 2.2.2.2 highlights an interesting
phenomenon: the augmented VN generated using the FIP method results in a smaller
resource increment compared to that of the FDP method, yet its mapping cost is
higher. This outcome contradicts the hypothesis proposed in [16], which assumes that
augmented VNs with smaller resource increments will correspond to lower mapping

costs.

This unexpected outcome raises questions about the relationship between resource
increments in augmented VNs and their corresponding mapping costs. To further

investigate, the linearity of the mapping algorithm proposed in [16] is examined.
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Fig.38 VN increment vs. mapping (embedding) cost for N=4 under FDP
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To examine the linearity of the mapping algorithm proposed in [16], all 331776
augmented VNs derived under the FDP method were mapped onto the same,
independently designed SN. As shown in Fig. 38, each dot in the scatter plot
represents a unique combination of VN increment and mapping cost, with its color
indicating the number of distinct augmented VNs sharing that exact combination. For
example, when the VN increment is 180 and the mapping cost is 300, the
corresponding dot is green, meaning that at least 100 and at most 999 different
augmented VNs share this exact combination. The specific number range for each
color can be identified from the legend in the figure. The scatter plot illustrates the

relationship between the augmented VN increment and the mapping cost.

The results indicate a lack of linearity, with the correlation coefficient measuring only
0.2834, reflecting insufficient linearity between the total VN increment and the
mapping cost. This correlation coefficient was computed using all 331,776 data
points, considering the relationship between the total augmentation increment and the

corresponding mapping cost for each augmented VN.

A closer examination of Fig. 38 reveals that the augmented VN obtained through the
FDP heuristic, which utilizes the augmentation matrix and the Hungarian algorithm,
fails to identify the augmented VN with the smallest increment within its solution
space. This is illustrated by the blue-green star, representing the FDP heuristic’s result,
which does not align with the lowest possible increment. Similarly, the black star
marks the augmented VN generated by the FIP method. Interestingly, while the FDP
method results in an augmented VN with a larger increment compared to FIP, its
mapping cost is smaller. This discrepancy further underscores the inability of the
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mapping algorithm to align resource increments with mapping cost minimization

effectively.

Similar to the methodology employed for [16], the augmented VNs generated under
[17] were exhaustively enumerated. The augmentation rules in [17] collectively define
a specific augmentation strategy, which involves placing backup nodes on virtual
links within the VN and restricting migration during single node failure to only the
affected virtual node, which must relocate to an available backup node. Furthermore,
multiple backup nodes are permitted within the augmented VN, providing increased

flexibility.

Taking the VN depicted in Fig. 1 as an example, the augmentation strategy defined by
[17] allows the affected virtual node in each failure scenario to migrate to any backup
node placed on the VN's virtual links. Under this strategy, all possible augmented VNs
can be enumerated. For a VN with N = 4 virtual nodes and K = 4 virtual links, there
are KN = 4%= 256 possible augmented VNs in the solution space, as the total backup
resource increment is determined by summing the backup resources required across

all failure scenarios.

To further investigate, each of these 256 augmented VNs was mapped onto the same
independently designed SN using the mapping algorithm proposed in [17]. The
mapping results were visualized in a scatter plot (Fig. 39), which illustrates the
relationship between the augmented VN's total backup resource increment and its
corresponding mapping cost. Additionally, the augmented VN identified by the
heuristic method, Prognostic Redesign Heuristic (ProRed), was highlighted with a
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blue-green star in the plot. Upon analyzing Fig. 39, a moderate linear trend between
the augmented VN increment and mapping cost is observed. The correlation
coefficient for this relationship is 0.7848, computed using all 256 data points, which
considers the relationship between the total augmentation increment and the
corresponding mapping cost for each augmented VN. While this indicates a certain

degree of linearity, the correlation is not strong.
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Fig.39 VN increment vs. mapping (embedding) cost for N=4 under ProRed

Moreover, while ProRed successfully identifies the augmented VN with the smallest
total backup resource increment within the solution space of [17], it fails to achieve
the lowest mapping cost, which is 280. This discrepancy further highlights the
limitations of the mapping algorithm's linearity, as it does not effectively correlate

smallest resource increments with minimized mapping costs.

The mapping algorithms proposed in [16] and [17] both exhibit insufficient linearity, a

limitation evident in their resource allocation and utilization strategies. In the case of
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[16], the linearity issue arises from the consideration of backup path sharing during
the mapping process. This introduces variability in backup resource mapping costs,
which depend heavily on the degree of backup resource sharing in the SN.
Specifically, when the shared backup resources are substantial, the mapping cost
decreases; conversely, when the shared resources are minimal, the mapping cost
increases. This variability disrupts the linear relationship between the total augmented
VN increment and the resulting mapping cost, thereby compromising the algorithm's

linearity.

In the case of [17], the inconsistency stems from the mapping process itself, which
allows for backup resources to perfectly utilize the primary resources, as
demonstrated in Section 2.2.2.2°s example of Facility Node Failure. The root cause
lies in the variability of path lengths for primary virtual links during mapping. Unlike
[16], where backup resource sharing is the main issue, [17] suffers from the lack of
control over the hop count of mapped virtual paths. When the path lengths extend
beyond a single hop, the resulting mapping costs deviate significantly, severing the
linear relationship between augmented VN increments and mapping costs. This
highlights the critical challenge of ensuring consistent and predictable mapping paths

in [17].

2.3.2 The Narrow Solution Space of [17]

From the analysis in Section 2.3.1, we observe that different augmentation strategies
result in different lower bounds on the mapping cost. Specifically, under the
augmentation strategy in [16], which corresponds to the FDP method, the lowest
mapping cost is 260, as shown in Fig. 38. In contrast, under the augmentation strategy
in [17], the lowest mapping cost is 280, as illustrated in Fig. 39. This difference
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suggests that the flexibility of an augmentation strategy plays a crucial role in

determining how low the minimum mapping cost can be.

To further understand how the flexibility of augmentation strategies affects the
minimum mapping cost, we analyze the solution space size formed by each
augmentation strategy. The augmentation strategy in [16] allows for the generation of
(NN = (41)* = 331,776 augmented VNs for the VN depicted in Fig. 1, while [17]
generates only (K)N = (4)* = 256 augmented VNs. This substantial difference in
solution space size indicates that the augmentation strategy in [16] offers significantly
greater flexibility compared to [17]. Because of this expanded solution space, the
augmentation strategy in [16] can almost identify at least one augmented VN that

achieves a lower mapping cost than the minimum attainable under [17].

This is further evident from Fig. 38, where we observe 15 red dots and 11 orange dots,
representing different clusters of augmented VNs with mapping costs strictly lower
than 280. In total, 415 augmented VNs in the solution space of [16] achieve a
mapping cost below 280, an outcome that is unattainable under [17]. Among the
331,776 augmented VNs generated under [16], these 415 instances serve as concrete
evidence that a larger solution space increases the likelihood of discovering

augmented VNs with lower mapping costs.

Based on this observation, we can reasonably infer that when one augmentation
strategy generates a larger solution space than another, it is more likely to include an
augmented VN that achieves a lower mapping cost than the minimum mapping cost

attainable under the smaller solution space.
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This leads to a broader conclusion: to achieve the globally minimal mapping cost, the
augmentation strategy must generate the largest solution space. Only when the
solution space reaches its maximum can it provide a higher probability than any other
augmentation strategy of discovering an augmented VN with a lower minimal
mapping cost. A maximal solution space ensures that the globally optimal augmented
VN is included, thereby maximizing the likelihood of achieving the lowest possible

mapping cost during the embedding phase.
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CHAPTER 3
SYSTEM SETTINGS AND ASSUMPTIONS

3.1 Network Model

This section defines the structures and resource attributes of the virtual and substrate
networks. It establishes the foundation for understanding the mapping process by
specifying the computational and bandwidth requirements of virtual networks and the

available capacities of substrate networks.

3.1.1 Virtual Network Model

The virtual network topology V is defined as an undirected graph G, = (V,,L,), where
N, is the set of virtual nodes and L, is the set of virtual links. Each virtual node n, €
N, represents a virtual network node, and each virtual link /, € L, represents a virtual
connection between two virtual network nodes. Each virtual node n has a

computational demand cx, , and each virtual link /, has a bandwidth demand b;,.

3.1.2 Substrate Network Model

The substrate network topology § is defined as an undirected graph Gy = (Ns,Ls),
where Nj is the set of substrate nodes and Ly is the set of substrate links. Each
substrate node ns € Ns represents a substrate network node in the substrate network,
and each substrate link /; € L, represents a physical connection between two substrate

network nodes. Each substrate node n; has an available computational capacity ca,,

and each substrate link /s has a bandwidth capacity by, .
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3.2 Resource Constraints and Mapping Limitations

This section explains the constraints and limitations involved in mapping virtual
networks onto substrate networks. It outlines the resource requirements during the

mapping process and describes the rules ensuring the feasibility and correctness of the

mapping.

3.2.1 Resource Constraints during VN to SN Mapping

When mapping a virtual network G, = (N,,L,) onto a substrate network Gs= (Ns,Ls),
the resource demands of the virtual network must be satisfied by the available
resources of the substrate network. The mapping process is subject to the following

constraints:
Node Resource Constraints:

o Each virtual node n, € NV, is mapped to a single substrate node n, € V. Let

My : Ny = N;represent the node mapping function.

o The computational demand cx, of the virtual node n, must not exceed the

available computational capacity Cy of the substrate node ns to which it is

mapped:

cn,< Cu, V¥ 1y €Ny, ng=Mn(n,)

Link Resource Constraints:

e The virtual link ,=(n’,, #,) € L, connects two virtual nodes n’, and #/, , where
i, j are indices representing the virtual nodes at the endpoints of the virtual

link. This virtual link is mapped to a substrate path Py , which consists of a
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sequence of substrate links Iy € Ly . Let M: Ly, — Py represent the link
mapping function.
o The bandwidth demand b, of the virtual link /, € L, must not exceed the

available bandwidth capacity B, of each substrate link / in the path Py

bi,<Bi, VIeP,,P=Ml)l €L,

3.2.2 Mapping Limitations
The mapping process is subject to several limitations to ensure correctness and

feasibility, as described below:

Distinct Node Mapping Constraint:

o Different virtual nodes from the same virtual network must be mapped to
distinct substrate nodes in the substrate network. This condition ensures that in
the event of a substrate node failure, only one virtual node from the virtual
network is affected. By mapping virtual nodes to distinct substrate nodes, the
system avoids the need to prepare excessive backup resources to recover from

potential failures affecting multiple virtual nodes.

This condition can be expressed as:

MN(ntv)iMN(n’v) Vniv, nivENv, iij

where My: N, — Ny represents the node mapping function.
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Substrate Path Mapping Constraint:

o The substrate path P;, mapped for the virtual link L,=(n',, #/,) must connect the

substrate nodes Mn(n',) and Mn(w,), where My : N, — N; represent the node

mapping function.

3.3 Mapping (Embedding) Cost and Acceptance Ratio

Metrics

This section introduces the metrics for evaluating the mapping process. It defines how
the total cost of mapping (embedding) a virtual network request is calculated and
explains the acceptance ratio metric as a measure of the substrate network's efficiency

in accommodating incoming requests.

3.3.1 Mapping (Embedding) Cost Metrics

The mapping (embedding) costs of a virtual network request (VNR) reflects the total
amount of substrate network resources consumed to map a virtual network G, =
(Nw,L,). The cost is calculated as the sum of the computational resources allocated to

the virtual nodes and the bandwidth resources allocated to the virtual links:

Node Mapping (Embedding) Cost:

o Let cn, denote the computational demand of a virtual node ny € IV, within a
virtual network G, , and Mn(n,) denote the substrate node to which n, is
mapped. Let w, represent the cost per unit computational resource for
substrate nodes. The node mapping cost is calculated as:

Node Mapping Cost = Y, <y, Wy * Cny
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Link Mapping (Embedding) Cost:

o Let by, denote the bandwidth demand of a virtual link /, € L, within the same
virtual network Gy, and Pj denote the substrate path to which /, is mapped. Let
w; represent the cost per unit bandwidth resource for substrate links. The link
mapping cost is calculated as:

Link Mapping Cost = ¥, ¢ 1, Xuse py,, W1 * bly

Total Mapping (Embedding) Cost:
e The total mapping (embedding) cost for a VNR is the sum of the node
mapping cost and the link mapping cost:

Total Mapping Cost = Node Mapping Cost + Link Mapping Cost

57
doi:10.6342/NTU202501591



3.3.2 Acceptance Ratio Metrics
The acceptance ratio measures the ability of the SN to accommodate incoming VNRs
over a given period. This metric is crucial for evaluating the efficiency and scalability

of the resource allocation process in the SN.

Definition of Acceptance Ratio:
e The acceptance ratio is defined as the ratio of successfully mapped VNRs to
the total number of VNRs that arrive over a specific time period 7. Let Rromi
denote the total number of VNRs that arrive, and Rucceprea denote the number

of successfully mapped VNRs. The acceptance ratio is calculated as:

. _ R
Acceptance Ratio = ~2<cepted
Riotal
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CHAPTER 4
PROPOSED APPROACH

This chapter presents the proposed approaches to address the challenges of SVNE
under single facility node failure scenarios. The goal is to efficiently identify
augmented VN with minimal resource increments and map it onto SN with the lowest
embedding costs. Section 4.1 identifies the augmentation strategies with the largest

solution space and assesses its relative advantage.

Section 4.2 introduces the design of the augmented VN generation algorithm, which is
divided into three subsections: Section 4.2.1 identifies the key design principles
required to minimize resource increments when generating augmented VN, while
Section 4.2.2 presents the proposed Nest-Base heuristic algorithm, which applies
these principles to quickly generate the minimum-increment augmented VN , and
Section 4.2.3 provides the pseudo code of the Nest-Base algorithm along with a

detailed explanation.

Section 4.3 presents the design of the mapping algorithm and is divided into two
subsections: Section 4.3.1 describes the proposed mapping algorithm, ensuring that
the optimal augmented VN among the candidate solutions obtained in the
augmentation phase leads to the lowest mapping (embedding) cost during the
mapping (embedding) phase, while Section 4.3.2 presents the pseudo code of the

mapping algorithm with a corresponding explanation.
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4.1 Optimal Augmented VN Strategy

Following the conclusion in Section 2.3.2, which establishes that an augmentation
strategy with a larger solution space increases the likelihood of including an
augmented VN with a lower mapping cost, this section aims to identify the strategy
that provides the largest solution space. Therefore, determining the augmentation
strategy with the largest solution space ensures the highest probability of achieving a

global optimum.

However, identifying the augmentation strategy with the largest solution space
requires first enumerating all possible augmentation strategies. To achieve this, we

must first establish components for defining augmentation strategies.

Through analyzing the augmentation strategies proposed in [16] and [17], we identify
four fundamental binary components—backup node quantity, migration rules, link
restoration mechanisms, and placement constraints of backup nodes—serve as the
core framework for constructing augmented VN. These components are defined as
follows:
Backup Node Quantity: This specifies whether a single backup node (S) is used
to protect all primary virtual nodes or multiple backup nodes (M) are deployed to

provide greater flexibility.

Migration Rules: This defines whether migration is restricted (R), allowing only
affected virtual nodes to relocate, or unrestricted (U), permitting all virtual nodes

to migrate.
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Link Restoration Mechanisms: This specifies whether link restoration is
achieved via direct link (D) or path-based routing (P) through intermediate

nodes.

Placement Constraints of Backup Nodes: This determines whether backup
nodes must be placed on virtual link (L) or are prohibited from being placed on
them (N). It is worth noting that, if a backup node is not placed on a virtual link
but the link restoration still relies on paths through existing virtual links, then to
prevent the backup node from becoming completely isolated from the VN, it is

allowed to connect to only one virtual node.

Under the framework established by the four fundamental binary components—
backup node quantity, migration rules, link restoration mechanisms, and placement
constraints of backup nodes—we systematically derive all 2*2*2%*2=16 potential
augmentation strategies. Each strategy represents a unique combination of these
components, resulting in a distinct strategy for constructing augmented VNs. For
clarity, we denote each strategy using a four-letter abbreviation, with each letter

corresponding to one of the components.

Table 1 and Table 2 outline these 16 strategies in detail, with each row presenting a
unique strategy derived from the possible combinations of these four components. For
instance, in the FIP strategy introduced in [16], augmenting VN involves using only a
single backup node and restricting migration to affected virtual nodes. Backup links
are directly established between two virtual nodes, and backup nodes are prohibited
from being placed on virtual link. Based on these characteristics, FIP corresponds to
SRDN (No. 1). Similarly, the FDP strategy in [16] extends the flexibility by
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permitting all virtual nodes to migrate, while retaining the same conditions for backup
nodes, link restoration, and placement constraints of backup nodes as FIP. As a result,

FDP corresponds to SUDN (No. 5).

In contrast, the augmentation strategy described in [17] supports multiple backup
nodes and restricts migration to affected virtual nodes. Backup links are established
by routing through existing virtual links that form a path connecting virtual nodes, and
backup nodes are required to be placed on virtual links. Consequently, this approach

aligns with MRPL (No. 12).

Strategy Backup node | Migration rule | Link restoration | Backup Node
quantity mechanism Placement

SRDN 1 (Single) R (Restricted) D (Direct) N (Not on Link)
(FIP in [16])
2 SRDL 1 (Single) R (Restricted) D (Direct) L (On Link)
3 SRPN 1 (Single) R (Restricted) P (Path-based) N (Not on Link)
4 SRPL 1 (Single) R (Restricted) P (Path-based) L (On Link)
5 SUDN 1 (Single) U (Unrestricted) D (Direct) N (Not on Link)
(FDP in [16))
SUDL 1 (Single) U (Unrestricted) D (Direct) L (On Link)
SUPN 1 (Single) U (Unrestricted) P (Path-based) N (Not on Link)
8 SUPL 1 (Single) U (Unrestricted) P (Path-based) L (On Link)

Table 1. First half of 16 augmented VN strategies
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Strategy Backup node | Migration rule | Link restoration | Backup Node
LIET1aY mechanism Placement

MRDN 1+ (Multiple) R (Restricted) D (Direct) N (Not on Link)
10 MRDL 1+ (Multiple) R (Restricted) D (Direct) L (On Link)
11  MRPN 1+ (Multiple) R (Restricted) P (Path-based) N (Not on Link)
12 MRPL[17] 1+ (Multiple) R (Restricted) P (Path-based) L (On Link)
13  MUDN 1+ (Multiple) U (Unrestricted) D (Direct) N (Not on Link)
14  MUDL 1+ (Multiple) U (Unrestricted) D (Direct) L (On Link)
15 MUPN 1+ (Multiple) U (Unrestricted) P (Path-based) N (Not on Link)
16  MUPL 1+ (Multiple) U (Unrestricted) P (Path-based) L (On Link)

Table 2. Second half of 16 augmented VN strategies

However, not all these strategies are equally efficient in constructing augmented VNs.
Some strategies result in augmented VNs that are completely dominated by others in
terms of backup resource increments, making them redundant for practical purposes.
To streamline the analysis and focus on effective augmentation strategies, the
following discussion evaluates these 16 approaches to identify and eliminate
inefficient strategies. By doing so, we refine the solution space and retain only the

resource-efficient strategies for further analysis.

4.1.1 Identifying Inefficient Augmentation Strategies

We observe that some augmentation strategies allowing multiple backup nodes can be
replaced by more efficient strategies using a single backup node. Specifically, among
strategies that enforce the restriction of not placing backup nodes on virtual links, all
approaches utilizing multiple backup nodes can be substituted by a single backup

node method with the same restriction.

The rationale behind this substitution lies in the inefficient of multiple backup nodes

under the constraint of not allowing backup nodes to be placed on virtual links. When
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a virtual node migrates to a second backup node, additional backup links and
bandwidth must be provisioned to establish connections with relevant nodes. In
contrast, in a single backup node configuration, the pre-established backup resources
of the existing backup node and unaffected virtual nodes can be reused or shared. This
reuse reduces the need for new resource allocations. Thus, introducing additional
backup nodes under this constraint increases resource usage unnecessarily, as the
single backup node configuration is already sufficient to ensure the survivability of

the augmented VN.
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Fig.40 SUDN (No. 5) Fig.41 MUDN (No. 13)

Using the VN in Fig. 1 as an example, under the SUDN (No. 5) strategy illustrated in
Fig. 40, when the virtual node a is affected and migrates to the backup node, while y
and o swap positions, 65 units of backup bandwidth and 20 units of backup
computational resources are required to restore its functionality. In contrast, Fig. 41
depicts a scenario under the MUDN (No. 13) strategy, where the virtual node y
migrates to a second backup node instead of utilizing the existing virtual node. This
configuration requires an additional 30 units of backup bandwidth and 10 units of
backup computational resources to establish connections with 3, leading to a higher
overall backup resource consumption. This demonstrates that introducing a second
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backup node unnecessarily increases the backup resource increment. Since the single
backup node design is already sufficient to ensure the survivability of the augmented
VN, the use of a second backup node under these constraints is both redundant and
inefficient. Similarly, the MRDN (No. 9), MRPN (No. 11), and MUPN (No. 15)
strategies are all less efficient compared to the SRDN (No. 1), SRPN (No. 3), and

SUPN (No. 7) strategies, respectively.

However, beyond this, strategies that allow multiple backup nodes while enforcing the
placement of backup nodes on virtual links and relying on direct links for link
restoration can also be replaced by a single backup node method under the same

constraints.

The rationale behind this substitution lies in the redundancy of multiple backup nodes
under the constraint of enforcing the placement of backup nodes on virtual links and
restricting link restoration to direct links. In this scenario, the primary advantage of
multiple backup nodes—allowing virtual nodes to migrate to backup nodes closer to
the target virtual node for service restoration—becomes irrelevant. This is because,
with direct link restoration, all backup links are fixed at 1 hop in length.
Consequently, in the augmented virtual network, there is no effective distance
difference between virtual nodes for restoring services. As a result, multiple backup
nodes fail to reduce the increment of backup resources and instead lead to inefficient

and unnecessary resource allocation.
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Fig.42 SUDL (No. 6) Fig.43 MUDL (No. 14)

Using the VN in Fig. 1 as an example, under the SUDL (No. 6) strategy illustrated in
Fig. 42, when the virtual node a is affected and migrates to the backup node, 20 units
of backup bandwidth need to be added between the backup node and the affected
node to ensure normal transmission services before any failure occurs. Additionally, y
and o swap positions, requiring a total of 85 units of backup bandwidth and 20 units
of backup computational resources to restore functionality. In contrast, Fig. 43
illustrates a different scenario under the MUDL (No. 14) strategy, where the node y
migrates to a second backup node instead of utilizing the existing virtual node. This
configuration requires an additional 15 units of backup bandwidth between y and B to
ensure normal transmission services before any failure occurs, as well as 15 additional
units of backup bandwidth to meet the bandwidth demands between y and 6.
Furthermore, 10 units of backup computational resources are required. This results in
higher overall backup resource consumption. This example demonstrates that
employing multiple backup nodes under such constraints is redundant and inefficient.
Similarly, the MRDL (No. 10) strategy is less efficient compared to the SRDL (No. 2)
strategy.
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4.1.2 Analyzing the Solution Space of Effective Strategies

Having filtered out redundant strategies in Section 4.1.1, this section delves into the
analysis of the solution space for the 10 remaining effective augmentation strategies.
These include 8 strategies that allow only a single backup node (No. 1 to No. 8 in
Table 1, or SXXX, where X serves as a placeholder for either binary choice in each
category) and 2 strategies that permit multiple backup nodes (No. 12 and No. 16 in

Table 2, or MXPL).

To systematically examine the solution space, we first analyze the single backup node
strategies. We further group together strategies that share the same components except
for their link restoration mechanisms (SRXN, SRXL, SUXN, SUXL). In each of these
4 subcategories, the size of the solution space of any strategy will be the same. The
reason is that under direct link conditions (D), there is only one recovery link between
nodes. Similarly, under path-based conditions (P), the recovery path is uniquely

determined by a weighted shortest path algorithm.

In some cases, different migration configurations within the same augmentation
strategy can result in identical augmented VNs. To distinguish between these cases in
the solution space, we define each feasible solution as an augmented VN
characterized by its Migration Set and the corresponding resource increment. Within

the solution space, each feasible solution is defined by the following components:
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Migration Set: The migration of virtual nodes under each failure scenario,
specifying where the affected node migrates and how the unaffected nodes adjust
within the augmented VN.

Increments: The total resource increment, representing the additional backup

resources required for the augmented VN.

For instance, as discussed in Section 2.2.2.2 regarding the FIP strategy, considering
the VN in Fig. 1 and applying the SRDN (No. 1) strategy, the resulting augmented
VN aligns with the FIP strategy proposed in [16], with a backup resource increment of
145. The corresponding feasible solution can be expressed as {Migration Set, 145}.
Here, Migration Set is defined as:
Migration Set = {a:(m, B, v, 8),
B:(at, 7, v, 3),
v:(0, B, m, 9),

8:(at, B, v, M)}

The Migration Set, represented as {o:(m, B, v, 6), B:(a, «, v, 8), y:(a, B, 7, 8), d:(a, B,
v, m)}, defines the reallocation of virtual nodes under each failure scenario. Each
entry, such as a:(m, B, v, 9), specifies the node arrangement when a is affected. The
positions within the parentheses indicate the locations of a, 3, y, and & during this
failure scenario. Here, & represents a backup node available for migration, and in this
case, the affected node o migrates to w, while the remaining nodes (J, y, and 8) remain

in their original positions.
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Similarly, considering the SUDN (No. 5) strategy under the FDP strategy proposed in
[16], the heuristic-derived augmented VN can be represented as {Migration Set,
160}. Here, Migration Set is defined as:
Migration Set = {a:(m, B, v, 8),
B:(m, 0, v, 3),
v:(a, B, m, 9),

8:(at, B, v, M)}

For example, when P is affected, the configuration is B:(m, a, v, d), where f migrates
to the vacant node originally occupied by a, and a relocates to the backup node w. The
other nodes, y and §, remain unchanged. In other failure scenarios, only the affected

node migrates to m, while all other nodes stay in their original positions.

Solution Space of SRDN (No. 1) and SRPN (No. 3)

The strategies SRDN (No. 1) and SRPN (No. 3) are both characterized by the
restriction that only the affected virtual node can migrate to the backup node (R), and
only a single backup node is used (S). Under these constraints, for any given failure
scenario, there is only one possible migration arrangement: the affected virtual node
migrates to the backup node while other virtual nodes remain unchanged. This
limitation results in a unique arrangement for every failure scenario. Consequently,
the solution space for both SRDN and SRPN consists of a single augmented VN,

making the size of their solution space equal to 1.
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Solution Space for SRDL (No. 2) and SRPL (No. 4)
The SRDL (No. 2) and SRPL (No. 4) strategies share similar characteristics with
SRDN (No. 1) and SRPN (No. 3), except for one key distinction: the backup node is

required to be placed on a virtual link.

For a VN with K virtual links, the backup node in these strategies can be placed in K
possible locations. However, once the location of the backup node is determined for
an augmented VN, this placement of backup node remains fixed across all failure
scenarios. Consequently, for each failure scenario, only the affected virtual node
migrates to the pre-determined backup node, while the unaffected nodes remain
unchanged. As a result, the total number of augmented VNs, and thus the size of the
solution space for SRDL (No. 2) and SRPL (No. 4), is K. This reflects the K distinct
ways the backup node can be placed on the virtual links, with each placement of

backup node corresponding to a unique augmented VN.

Solution Space for SUDN (No. 5) and SUPN (No. 7)

The SUDN (No. 5) and SUPN (No. 7) strategies differ from SRDN (No. 1) and SRPN
(No. 3) in their migration rules. While SRDN and SRPN restrict migration to the
affected virtual node only, SUDN and SUPN allow both affected and unaffected

virtual nodes to migrate.

For a VN with N virtual nodes, each failure scenario permits N! distinct migration
arrangements, where N! is calculated as the number of all possible arrangements of N
virtual nodes. It is important to note that the backup resources required for each
failure scenario must be pre-allocated and shared across all failure scenarios.
Consequently, the total backup resource increment for an augmented VN is the

70
doi:10.6342/NTU202501591



cumulative sum of the resources required for all failure scenarios. Due to this
relationship between the total backup resource increment of an augmented VN and the
backup resource increment for individual failure scenarios, the total number of

feasible solutions under SUDN (No. 5) and SUPN (No. 7) is (NN,

Solution Space for SUDL (No. 6) and SUPL (No. 8)
The SUDL (No. 6) and SUPL (No. 8) strategies differ from SUDN (No. 5) and SUPN
(No. 7) only in the placement constraints for backup node. Specifically, SUDL and

SUPL require the backup node to be placed on a virtual link.

In SUDN (No. 5) and SUPN (No. 7), the number of feasible solutions is (N!), where
N! represents the number of migration arrangements for each of the N failure

scenarios.

However, unlike SUDN (No. 5) and SUPN (No. 7), SUDL (No. 6) and SUPL (No. 8)
allow K possible placement options for the backup node on virtual links. As a result,
the solution space for SUDL (No. 6) and SUPL (No. 8) expands to K*(N!)N, meaning
that the solution space is influenced not only by the migration arrangements and the
number of failure scenarios but also by the number of potential backup node

placements on virtual links.

Solution Space for MRPL (No. 12)

The MRPL (No. 12) strategy allows multiple backup nodes to be placed on virtual
links, but only the affected virtual node is permitted to migrate and utilize a backup
node in the event of a failure. For each failure scenario, the affected virtual node can
freely select one of the K virtual links to place and use a backup node, enabling
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backup resources allocated for one failure scenario to be shared across others.
Consequently, the total backup resource increment required for an augmented VN
corresponds to the cumulative backup resources needed across all failure scenarios.
Given that a VN consists of N virtual nodes, each with K possible placement options
for a backup node, the total number of possible augmented VNs under the MRPL (No.

12) strategy is K™,

Solution Space for MUPL (No. 16)

The MUPL (No. 16) strategy extends the flexibility of node migration compared to
the MRPL (No. 12) strategy. While MRPL (No. 12) allows only the affected virtual
node to migrate during a failure scenario, MUPL (No. 16) removes this restriction,

enabling any virtual node—whether affected or unaffected—to migrate under any

failure scenario.

For a VN with N virtual nodes and K virtual links, during each failure scenario, up to

N-1 unaffected nodes and K backup nodes can be used for recovery. This results in

PY*K=1 potential migration arrangements for each failure scenario. Additionally, the

total backup resource increment required for an augmented VN corresponds to the
cumulative backup resources needed across all failure scenarios. Consequently, the

+K—1)N

solution space size under the MUPL strategy is calculated as (PY , reflecting the

vast number of possible augmented VNs that can be generated using this strategy.
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Strategy Backup node | Migration rule | Link restoration | Backup Node Solution space
quantity mechanism Placement

SRDN 1 (Single) R (Restricted) D (Direct) N (Noton Link) 1
(FIP in [16])

22 SRDL 1 (Single) R (Restricted) D (Direct) L (On Link) K

3 SRPN 1 (Single) R (Restricted) P (Path-based) N (Noton Link) 1

4 SRPL 1 (Single) R (Restricted) P (Path-based) L (On Link) K

5 SUDN 1 (Single) U (Unrestricted) D (Direct) N (Not on Link)  (N!)N
(FDP in [16])

6 SUDL 1 (Single) U (Unrestricted) D (Direct) L (On Link) K*(NTN
SUPN 1 (Single) U (Unrestricted) P (Path-based) N (Noton Link) (N!)N
SUPL 1 (Single) U (Unrestricted) P (Path-based) L (On Link) K*(N!)N

Table 3. First half of 16 augmented VN strategies with corresponding solution space

sizes
T e = )
quantity mechanism Placement

MRDN 1+ (Multiple) R (Restricted) D (Direct) N (Not on Link)  don't care
10 MRDL 1+ (Multiple) R (Restricted) D (Direct) L (On Link) don't care
11  MRPN 1+ (Multiple) R (Restricted) P (Path-based) N (Not on Link)  don't care
12 MRPL[17] 1+ (Multiple) R (Restricted) P (Path-based) L (On Link) KN
13  MUDN 1+ (Multiple) U (Unrestricted) D (Direct) N (Not on Link)  don't care
14 MUDL 1+ (Multiple) U (Unrestricted) D (Direct) L (On Link) don't care
15 MUPN 1+ (Multiple) U (Unrestricted) P (Path-based) N (Not on Link)  don't care
16  MUPL 1+ (Multiple) U (Unrestricted) P (Path-based) L (On Link) (PNESaA

Table 4. Second half of 16 augmented VN strategies with corresponding solution

space sizes

With the analysis of all augmentation strategies completed, the corresponding solution
space sizes for each strategy are summarized in Tables 3 and 4. For certain strategies,
the "Solution Space" column is marked as "don't care," indicating that these strategies
have been classified as inefficient and are therefore excluded from further

consideration.
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With all possible augmentation strategies identified and their corresponding solution
space sizes computed, the next challenge is to determine which augmentation strategy

provides the largest solution space.

However, merely identifying the largest solution space is not sufficient. It is crucial to
evaluate how much larger this solution space is compared to all other strategies. If the
largest solution space is only marginally larger than all other strategies, its advantage
may be negligible. To quantify this relative advantage, we consider the Augmented
VN Space, which encompasses the solution spaces of all efficient augmentation
strategies. By analyzing the composition of this space, we measure the proportion
occupied by the strategy with the largest solution space relative to the Augmented VN

Space.

Among the fundamental binary components defining augmentation strategies, only
the placement constraints of backup nodes and link restoration mechanisms influence
the mutual exclusivity of solution spaces. These components govern whether solution
spaces overlap or remain disjoint. This analysis becomes particularly significant for

augmentation strategies allowing only a single backup node.

In the case of backup node placement, augmentation strategies categorized as "On
Link" (L) and "Not on Link" (N) exhibit mutually exclusive solution spaces with no
intersections. Compared to the "Not on Link" (N) method, the "On Link" (L) method
places backup nodes on virtual links, which alters the original VN structure by
removing the direct connection between two previously adjacent virtual nodes. As a
result, the augmented VN structures under the "Not on Link" (N) and "On Link" (L)
methods are inherently different, preventing any intersection between their solution
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spaces.

Similarly, for link restoration mechanisms, augmentation strategies using direct links
(D) as restoration and those using path-based routing (P) also exhibit mutually
exclusive solution spaces when N>2. This mutual exclusivity arises because single
backup node methods employing path-based routing cannot ensure that all restoration
paths in every failure scenario are limited to a single hop. When restoration paths
require more than one hop, the structural differences between direct link and path-
based routing result in divergent augmented VN configurations, preventing any

intersection between their solution spaces.

Under the fundamental binary components governing augmentation strategies, backup
node quantity and migration rules primarily influence the size of the solution space.
Regarding backup node quantity, allowing multiple backup nodes (M) represents a
more relaxed constraint compared to permitting only a single backup node (S).
Consequently, under the same migration rule, the solution space of the former fully

encompasses that of the latter.

Similarly, for migration rules, allowing unrestricted migration of any virtual node (U)
constitutes a less restrictive condition compared to permitting migration only for
affected virtual nodes (R). Thus, under the same backup node quantity constraint, the

solution space of the former entirely includes the solution space of the latter.

Additionally, if only a single backup node is allowed (S) but the migration rules are
more relaxed (U), and conversely, if multiple backup nodes are permitted (M) but the
migration rules are stricter (R), their solution spaces may partially overlap.
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Specifically, the overlap occurs where only a single backup node is allowed (S) and

the migration rules are stricter (R).

From Tables 3 and 4, we observe that the sizes of the solution spaces across different

augmentation strategies exhibit a clear hierarchy:

1 <K <KN<(NHN<K¥N!H)N< (PYTK-)N

The relationship K < N! is inevitable because K, representing the number of virtual

Nx(N-1

links in the VN, falls within the range N — 1 to ) whereas N! grows

factorially with the number of virtual nodes N.

For example, consider the VN in Fig. 1, where N=4 and K=4:

° KN:44:256

(ND)N= (41)* = 331776

K*(N1) N = 4%(41)* = 1327104

(PR N=(P7)* = 497871360000

This numerical example highlights how the solution space size grows exponentially as

the augmentation strategies adopt more relaxed constraints.

Building on the discussion above, Fig. 44 summarizes the solution spaces of all

augmentation strategies, along with their respective sizes and mutual relationships.
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Augmented VN Space

MUPL SUDL

SUPL )

SUDN
(FDP in [16])

SRPL
MRPL([17]) ~
SRDN

(FIP in [16])

Fig.44 Illustration of solution space sizes and interactions of all augmentation

strategies (not to scale)

From Fig. 44, it is evident that the Augmented VN Space is composed of the mutually
exclusive solution spaces of MUPL, SUDL, SUDN, and SUPN. This relationship can

be expressed as:

Augmented VN Space=MUPL U SUDL U SUDN U SUPN.

Based on the previous analysis, MUPL represents the largest subspace within the
Augmented VN Space. As a result, the globally optimal augmented VN is most likely

to be found within the solution space of the MUPL strategy.

Although the augmentation strategy with the largest solution space has the highest
probability of containing the globally optimal augmented VN, the exact distribution of
the globally optimal augmented VN within the Augmented VN Space remains
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unknown. This uncertainty arises because the mapping cost of an augmented VN is
influenced by multiple factors related to the SN, including the number of substrate
nodes and links, the SN's topology, and the available computational and bandwidth
resources of each substrate node and link. Given these complexities, we assume that
the globally optimal augmented VN is uniformly distributed across the Augmented

VN Space.

The probability of including the Globally Optimal Augmented VN in MUPL's
solution space can be approximated as the ratio of MUPL's solution space size to the

total size of the Augmented VN Space:

|[MUPL| B |[MUPL|
|Augmented VN Space|  |[MUPL| + |SUDL| + |[SUDN| + |SUPN]|

For example, consider the VN in Fig. 1, where N=4 and K=4: the probability of
MUPL's solution space containing the Globally Optimal Augmented VN can be

expressed as:

497871360000

= [0)
497871360000 + 1327104 + 331776 + 331776 99.999600168%

Such a high probability demonstrates that using the MUPL strategy to augment VN is

almost certain to include the Globally Optimal Augmented VN.

This highlights the significance of MUPL's expansive solution space in increasing the

likelihood of achieving the globally optimal solution, emphasizing its critical role
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among the available augmentation strategies. Notably, MUPL's solution space is not
only the largest among all augmentation strategies but also dominates nearly the entire
Augmented VN Space. As demonstrated in the example, MUPL's solution space
accounts for an overwhelming 99.999600168% of the total Augmented VN Space,
indicating that the probability of it containing the globally optimal augmented VN is
extremely high. This overwhelming proportion underscores that using the MUPL
strategy almost guarantees the inclusion of the globally optimal augmented VN,

further solidifying its importance in augmentation-based optimization.

4.2 Design for Augmented VN Generation Algorithm

4.2.1 Design Principles for Minimum-Increment Augmented VN

From the discussion in Section 4.1, the MUPL strategy provides the largest solution
space among all augmented VN strategies and is the most likely to include the
globally optimal augmented VN. Therefore, the MUPL strategy is adopted for
augmented VN generation. However, the size of the solution space under the MUPL
strategy grows exponentially with the VN size, making exhaustive enumeration
computationally infeasible. To address this challenge, a method is necessary to
efficiently identify the minimum-increment augmented VN within the MUPL solution

space.

In our method, each virtual node’s position is regarded as a “Nest”, representing a
potential destination for future migrations. When a facility node failure occurs, the
virtual node migration process starts from the affected virtual node and relocates it to

the nearest available Nest.
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Take Fig. 19 and Fig. 20 as an example again. Node = is the Nest of nodes a and

whey they are affected.

Fig.45 a migrates to backup node

Before further considering the case where virtual node ¢ is affected, it can be
observed that even when no virtual node is affected, node o can still proactively
migrate to the backup node and continue to function normally as illustrated in Fig. 45.
This is because the backup node has already been verified to successfully restore a’s
service when a is affected. Therefore, the proactive migration of a to the backup node

can be performed safely even in the absence of failures.

20+10 15
. 30 LN
O o JEI

Fig.46 & occupies o's vacant node

As a result of a’s migration to the backup node, a’s original Nest becomes vacant.

When virtual node § is affected, it can migrate into this vacant Nest, allowing 6 to
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fully reuse the released computational resources. Furthermore, & and a can fully share
the bandwidth originally reserved for the virtual link between them. Since & has
migrated to a new Nest, an additional 10 units of backup needs to be provisioned to

fully restore the link bandwidth required between d and v, as shown in Fig. 46.

am 30 30 o,
L\ a A 4
20 15

0—06>0

Fig.47 Adding a backup node to protect &

In addition to migrating d into the vacant Nest, as illustrated in Fig. 46, another option
to protect d is to prepare a new backup node specifically for 6. Similar to the
protection of o, where the backup node was placed along the virtual link with the
highest bandwidth demand, the new backup node for & can be placed along the virtual
link between 6 and y, which has the highest bandwidth demand among &’s adjacent

links. 6 can then migrate into this newly prepared backup node, as shown in Fig. 47.

For 8, two protection options are available: migrating into a vacant Nest, which
requires a resource increment of 10 units, or preparing a new backup node, which
requires a resource increment of 45 units. Following the minimum-increment
principle, the migration option is selected, as shown in Fig. 46. Similarly, for a and B,
it is also possible to prepare new backup nodes along their highest-bandwidth virtual
links. However, since these links already have backup nodes in place, the migration

option and the new backup node preparation option become equivalent for a and f.
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20+10 15
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Fig.48 B migrates to backup node

Next, for the protection of y, two options are also available: the migration option and
the backup node preparation option. Starting with the migration option, it can be
observed that y’s neighboring nodes, p and d, have already been protected.
Furthermore, when no failure occurs, B can proactively migrate to its designated
backup node—previously prepared during 3’s protection process—and continue to
function normally, as shown in Fig. 48. Similarly, d can also proactively migrate,

following the process shown in Fig. 46, and continue to operate without interruption.

H

15 1 15 H
‘l>15

-

20+10 15+15 20+10

10— [=0—

Fig.49 y occupies B's vacant node Fig.50 y occupies 8's vacant node

When vy is affected, it can migrate into the vacant Nest originally occupied by B, as
shown in Fig. 49, or into the Nest originally occupied by 9J, as shown in Fig. 50. The

migration option shown in Fig. 49 requires a backup resource increment of 15 units,
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while the migration option shown in Fig. 50 requires no additional backup resources.

On the other hand, the backup node preparation option would place a new backup
node along the virtual link between y and 9, requiring a backup resource increment of
40 units. Therefore, the migration option shown in Fig. 50 is ultimately selected as it

incurs the lowest resource increment.

Finally, the augmented VN designed under the proposed method requires only 25
units of backup computation resources and 40 units of backup bandwidth resources,
resulting in a total backup resource increment of 65 units. This is lower compared to
the FIP and FDP methods in [16], which require 145 and 160 units, respectively, and
the ProRed method in [17], which requires 100 units. This demonstrates the
effectiveness of the proposed method in achieving augmented VNs with minimal

backup resource increments.

4.2.2 Nest-Base Algorithm for Minimum-Increment Augmented VN
Generation

Building upon the proposed method identified in Section 4.2.1, the proposed Nest-
Base algorithm is designed to quickly generate the minimum-increment augmented
VN under the MUPL strategy. By leveraging resource sharing and reuse while
minimizing backup resource increments, this algorithm provides an efficient solution

for navigating the expansive solution space of the MUPL strategy.
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m Sum of adjacent link bandwidths
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6+11=17
1+11+12=24
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Fig.51 7-nodes VN Fig.52 Virtual node metric values

To illustrate the operational process of the Nest-Base algorithm, we consider the VN
depicted in Fig. 51. In the augmentation process using the Nest-Base algorithm, only
one virtual node is considered as affected and requires protection at a time. The
process begins by selecting the first virtual node to be protected, prioritizing the node
with the highest degree. If multiple nodes share the highest degree, the selection is
further refined by choosing the node with the highest total sum of adjacent link
bandwidths. As shown in Fig. 52, among all virtual nodes, ¥ and ¢ both have the
highest degree of three. To break the tie, the node with the highest sum of adjacent
link bandwidths is chosen. y has a total adjacent bandwidth of 24, while  has 20.

Consequently, y is selected as the first node to be protected.

F~ 6

A 4

7 L i o 10

¢ 12 12 1 =

9
Fig.53 Adding first backup node Fig.54 Protection for y when affected
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To protect y, a backup node is deployed based on the bandwidth demands of its
adjacent virtual links. As shown in Fig. 51, y is connected to 8, 8, and ¢, with
respective bandwidth demands of 12, 11, and 1. Since the link between y and é has
the highest bandwidth demand, the backup node is placed on this link to maximize
resource utilization, as shown in Fig. 53. When y is affected, it is protected by
migrating to the backup node. The algorithm verifies whether service continuity can
be maintained under the current resource conditions. As illustrated in Fig. 54, the
existing bandwidth resources can be fully reused to satisfy the bandwidth demands.

Therefore, no additional backup bandwidth is required.

\ 6 Child
)
7 11 10 _6
l\ Paren/;l\ \\ T
child & Qo L, @, U 8
Child N
"9 n

Fig.55 Defining y's adjacent nodes as child nodes

After protecting the first virtual node (y), it is designated as the parent node, while all
its adjacent virtual nodes are labeled as child nodes, which are the next nodes to be
protected, as illustrated in Fig. 55. When a child node is affected, if there is no backup
node between the child and the parent, the child node can migrate directly to the
parent's location, allowing for resource reuse. Alternatively, if a backup node is
already placed on the link connecting the child node and the parent node, the child
node will instead migrate to this backup node, also ensuring the efficient reuse of

résources.
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When protecting a child node, two options are considered to ensure survivability
while minimizing backup resource increments. The first option migrates the affected
child node to the parent’s location if no backup node exists between them; otherwise,
the child migrates to the backup node on the link. The second option introduces a new
backup node on the link with the highest bandwidth demand, allowing the child node
to migrate there. The algorithm evaluates both options and selects the one with the

lowest resource increment.

The child nodes are protected in descending order based on their bandwidth demand
with the parent node. As shown in Fig. 55, y is connected to §, 8, and , with
respective bandwidth demands of 12, 11, and 1. Therefore, the protection order for the

child nodes is 6, 8, and ¢.

10 9

Parent 1 b )

o y \

Child 8 W 1 &
m . Child

Fig.56 Both options yield the same result for &'s protection

When § is affected, it has two possible protection options. It can either migrate to the
backup node already placed on the link between 6 and the parent node vy, as shown in
Fig. 56, or a new backup node can be introduced on the link with the highest
bandwidth among ¢'s adjacent links. However, since the highest-bandwidth link is

precisely the one connecting d to y, and a backup node already exists there, both
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options lead to the same result, as illustrated in Fig. 56.

Fig.57 First option for protecting 3 Fig.58 Second option for protecting 3

After protecting J, the next child node to be protected is B. Two possible options are
evaluated. The first option, illustrated in Fig. 57, involves migrating P to the parent
node y. Since y's position is now occupied, y subsequently migrates to its designated
backup node, as it would when affected by a failure in the SN. The second option,
illustrated in Fig. 58, introduces a new backup node on the virtual link between y and

B to provide direct protection for f3.

A comparison of backup resource increments shows that the first option requires an
additional 15 backup resource units, whereas the second option requires 36 units.

Since the first option incurs a lower backup resource increment, it is selected for the

protection of 3, as shown in Fig. 57.

. .
8
hild 12 12 118 ™
Fig.59 First option for protecting C Fig.60 Second option for protecting
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After protecting B, the next child node to be protected is {, which also has two
possible protection options. The first option, illustrated in Fig. 59, involves migrating
€ to the parent node y. Since y's position is now occupied, it must migrate to its
designated backup node, just as it would in the event of an impact. The second option,
illustrated in Fig. 60, introduces a new backup node on the virtual link between { and
g, allowing C to migrate to this backup node instead. The backup resource increments
for the two options are 18 and 15, respectively. Based solely on backup resource

increments, the second option is preferable due to its lower resource consumption.

To maintain a linear relationship between the augmented VN’s resource increment and
its final embedding cost with a slope of 1, it is essential to maximize the likelihood
that all virtual links can be mapped using 1-hop paths. This ensures that the
bandwidth cost in the substrate network increases exactly in proportion to the

bandwidth demand of each virtual link in the augmented VN.

Compared to the first option, which avoids introducing new virtual links and therefore
has a higher chance of achieving 1-hop mappings, the second option introduces an
additional backup virtual link, increasing the number of virtual links and reducing the
likelihood that all virtual links can be mapped using 1-hop paths, making it more

challenging to preserve the desired linear relationship.

Although the second option results in more virtual links, making it harder to achieve
1-hop mappings compared to the first option, it also requires a smaller resource
increment than the first option. This implies that if both options could successfully
achieve 1-hop mappings, the second option would incur a lower final embedding cost
than the first option. Therefore, to ensure that no potentially superior configuration is
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prematurely discarded, the algorithm retains all optimal augmented VN candidates
across different backup node quantities, which directly determine the number of
virtual links. By preserving this complete set of candidates, the mapping phase can
comprehensively evaluate all options and ultimately select the candidate with the

lowest embedding cost.

At this stage, the augmentation process branches into two separate paths, referred to
as Branch 1 and Branch 2, based on the protection options applied to {, as shown in

Fig. 59 and Fig. 60. These branches will be carried forward for further evaluation.

Branch 1
15 25
6 Chlld
{ /‘—'.‘ y Chlld ) Parent -
R 15
7 [11 10 _@ - . ‘ \ ) Child
Parent b &)
Child ( & il & parent @ 12 &12 @0 8
thild n ] Parent 4 ) chid

Fig.61 Parent-child node transition

With all child nodes surrounding the parent node y now protected, they are promoted
to parent nodes, while their adjacent, yet unprotected virtual nodes are designated as
new child nodes, as illustrated in Fig. 61. When these new child nodes (&,n,a) are
affected, they migrate to the nearest parent node’s position, maximizing resource

sharing and reuse.
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Next, the child nodes are sequentially protected based on their maximum bandwidth
demand with their respective parent nodes. To determine the protection order, these
child nodes are sorted in descending order of their bandwidth demands. As shown in
Fig. 59, € has the highest bandwidth demand (10), followed by 7 (9), and finally a (7).

Therefore, the protection sequence follows this order: first &, then 7, and finally «.

=, =

Child @y > g Parent Child o 6
7 l 11 10

o % N TN

Parent 12 O 12 1418

Parent o

47 Parent
4 15

+10x

Child
’ N 40 “Child
l Parent W G g & /

12

12 7 141
AN child Parent 9

Child
Fig.62 First option for protecting & Fig.63 Second option for protecting &

For the protection of €, two options are considered. The first option involves
migrating € to its parent node (. Since {’s position is now occupied, { subsequently
migrates to the position of v, as it would in the event of its failure. Likewise, y, now

displaced, migrates to its designated backup node, as illustrated in Fig. 62.

The second option introduces a new backup node on the virtual link between € and {
to provide protection for €, as shown in Fig. 63. The backup resource increments
required for these options are compared, with the first option requiring 10 units, while
the second option requires 25 units. Since the first option results in a lower backup

resource increment, it is selected, as illustrated in Fig. 62.
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Fig.64 First option for protecting n: Fig.65 First option for protecting :
occupying ('s vacant node occupying €'s vacant node

After protecting €, the next step is to ensure the survivability of 1. Two options are
evaluated: migration through node occupation and introducing a new backup node. In
this case, 1 is adjacent to its parent node { and its sibling node €. A key observation is
that both { and € have already been protected, meaning that, under normal operational
conditions, either node can relocate without disrupting service. This allows 1 to

migrate either to its parent node { or to the previously protected sibling node &.

In the migration option, the first approach involves 1 relocating to its parent node _,
following the same migration chain as in previous cases, as illustrated in Fig. 64. The
second approach involves 1 occupying the position of &, which also triggers a
sequence of node migrations, as shown in Fig. 65. Comparing backup resource
increments, the first approach requires no additional backup resources, whereas the
second approach incurs an increment of 1 unit. As a result, the first approach is

selected, as illustrated in Fig. 65, ensuring efficient resource utilization.

The backup node option, which introduces a new backup node, is not further

considered, as it inherently increases the backup resource increment.
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Fig.66 First option for protecting o Fig.67 First option for protecting o
occupying d's vacant node occupying B's vacant node

After protecting n, the next step is to ensure the survivability of a. Two options are
considered: migration by occupying another node’s position or introducing an
additional backup node. In this case, a is adjacent to two parent nodes, 6 and . Both &
and P have already been protected, meaning that, under normal operational conditions
without failures, if either of them relocates, the network can continue operating

without disruption. This allows o to either migrate to d's position or B's position.

In the migration option, the first approach a migrates to its parent node 5. Since d's
position is now occupied, & subsequently relocates to its designated backup node, as
illustrated in Fig. 66. In the second approach, a migrates to its parent node J,
triggering a chain reaction of migrations similar to previous cases, as depicted in Fig.
71. A comparison of backup resource increments shows that the first approach does
not require any additional backup resource increments, whereas the second approach
incurs an additional 1 unit of backup resources. As a result, the first approach is

selected, as illustrated in Fig. 66.

The backup node option, which involves introducing a backup node, is not further

considered in this discussion, as it inherently increases the backup resource increment.
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With all virtual nodes protected, the final backup resource increment is determined.
The computation backup resource increment amounts to 40, while the bandwidth
backup resource increment totals 30, resulting in a total backup resource increment of

70.

Branch 2

In Branch 2, after applying the algorithm process, the transformation of parent and
child nodes results in the same structure as in Branch 1. As illustrated in Fig. 61,
previously protected child nodes(6,£,{) become parent nodes, while their adjacent, yet
unprotected virtual nodes are designated as new child nodes (&,n,«). Additionally, the
order of protecting these child nodes remains the same due to their respective

bandwidth demands(¢ first, followed by 7, and then a).
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Fig.68 Both options yield the same result for €'s protection

For the protection of ¢, it has two possible protection options. It can either migrate to
the backup node already placed on the link between € and the parent node ¢, as shown

in Fig. 68, or a new backup node can be introduced on the link with the highest
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bandwidth among €'s adjacent links. However, since the highest-bandwidth link is

precisely the one connecting € to ¢, and a backup node already exists there, both

options lead to the same result, as illustrated in Fig. 68.
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Fig.71 Second option for protecting 1

After protecting €, the next step is to ensure the survivability of 1. Two options are

evaluated: migration through node occupation and introducing a new backup node. In

this case, 1 is adjacent to its parent node { and its sibling node €. A key observation is

that both { and € have already been protected, meaning that, under normal operational

conditions, either node can relocate without disrupting service. This allows 1 to

migrate either to its parent node { or to the previously protected sibling node ¢ .
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In the migration option, the first approach involves n relocating to its parent node ,
following the same migration chain as in previous cases, as illustrated in Fig. 69. The
second approach involves 1 occupying the position of g, which also triggers a
sequence of node migrations, as shown in Fig. 70. Comparing backup resource
increments, the first approach requires an increment of 5 unit, whereas the second
approach incurs an increment of 1 unit. As a result, the second approach is selected, as

illustrated in Fig. 70, ensuring efficient resource utilization.

The backup node option introduces a new backup node on the virtual link between n
and { to provide protection for 1, as shown in Fig. 71. The backup resource
increments required for these options are compared, with the migration option’s
second approach requiring 1 unit, while the backup node option requires 19 units.
Since the migration option’s second approach results in a lower backup resource

increment, it is selected, as illustrated in Fig. 70.
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After protecting n, the next step is to ensure the survivability of a. Two options are
considered: migration by occupying another node’s position or introducing an

additional backup node. In this case, a is adjacent to two parent nodes, 6 and . Both o
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and P have already been protected, meaning that, under normal operational conditions
without failures, if either of them relocates, the network can continue operating

without disruption. This allows a to either migrate to d's position or B's position.

In the migration option, the first approach a migrates to its parent node . Since d's
position is now occupied, & subsequently relocates to its designated backup node, as
illustrated in Fig. 72. In the second approach, a migrates to its parent node 3,
triggering a chain reaction of migrations similar to previous cases, as depicted in Fig.
73. A comparison of backup resource increments shows that the first approach does
not require any additional backup resource increments, whereas the second approach
incurs an additional 1 unit of backup resources. As a result, the first approach is

selected, as illustrated in Fig. 72.

The backup node option, which involves introducing a backup node, is not further

considered in this discussion, as it inherently increases the backup resource increment.

With all virtual nodes protected, the final backup resource increment is determined.
The computation backup resource increment amounts to 45, while the bandwidth
backup resource increment totals 23, resulting in a total backup resource increment of

68.

While Branch 1 requires a higher total backup resource increment than Branch 2, it
also contains one fewer virtual link, specifically the {-backup virtual link in Branch 2,
which requires 10 units of bandwidth.
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A notable aspect is the difference in backup bandwidth increments, where Branch 1
requires 30 units, whereas Branch 2 requires 23 units. This indicates that although
Branch 1 incurs an additional 7 units of backup bandwidth increment, the extra virtual
link ¢- backup in Branch 2 introduces potential uncertainty in the mapping phase. If
this link requires a multi-hop path when embedded onto the SN, the savings in backup

resources at the VN level could be offset by increased mapping costs at the SN level.

Since it is impossible to determine the final mapping cost solely based on the backup
resource increments of the augmented VN, both Branch 1 and Branch 2 are retained
for further evaluation. The final selection between these two configurations will be
determined in the mapping phase, where their actual embedding costs can be directly

compared.
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4.2.3 Pseudo Code for Nest-Base Algorithm

Algorithm 1: Augmented VN Generation (Nest-Based Algorithm)

W N O s W N =

10
11
12

13

14
15
16
17

18

19

20

Input: Original VN

Output: Best_Candidate_Set

// Initialize variables (Lines 1--8)

Migration Set « {};

Protection_Set «— {}:

Parent_List — {};

Child-List «— {};

Candidate Set — {}:

Best_Candidate_Set — {}:

Branch-SET < new Queue();

increment « 0;

// Augment the VN by adding a backup node to protect the first virtual node and
record the resource increment (Lines 9--13)

first_node «— SELECT_NODE_WITH_HIGHEST DEGREE_THEN_ _MAX_BANDWIDTH(Original

VN);

virtual_link «— VIRTUAL_LINK_WITH_-MAX_BANDWIDTH(first_node.adjacent_links):

(augmented_V N, backup_node) — PLACE BACKUP _NODE(Original VN, virtual link);

(augmented_V N, entry) «— RECOVER.BACKUP_NODE_OPTION((Original VN, augmented_VN,

first-node, backupnode);

increment «— CALCULATE_INCRMENT (augmented_-VN — Original VN):

// Record the protection configuration for the first virtual node and mark it as
protected. Then, designate it as the parent node and assign its adjacent primary
nodes as children, and sort the protection order for these child nodes (Lines
14--17)

Migration_Set «— { entry }:

Protection_Set — { first_node };

Parent List — { first_node };

{ Parent_List, Child_List } «— UPDATE_AND _SORT _CHILDLIST (augmented_VN, Protection_Set,

Parent _List, Child_List);

Branch-SET <« ENQUEUE({ increment, Original VN, augmented-VN, Migration_Set,

Protection_Set, Parent_List, Child_List });

// Protect all remaining virtual nodes in the augmented VN by applying migration and
backup strategies, which may result in multiple augmented VNs (Lines 19--38)

while Branch_SET # () do

// Process branch of the augmented VN

{ increment, Original VN, augmented VN, Migration_Set, Protection_Set, Parent_List, Child_List

} < DEQUEUE(Branch SET);

// Process all designated child nodes by evaluating both migration and backup
options to protect them and update resource increments accordingly (Lines
21--36)
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21
22

23

24

25

26

27

28

29

30
31
32
33

34
35
36

37

38

39
40

while Child-List # () do

for current-node in (Child-List \ Protection_Set) do

// Optionl: Use migration option to protect child node and record
resource increment (Lines 23--24)

(augmented_VN_migration, entry_migration) «

RECOVER_MIGRATIONE_OPTION(Original VN, augmented_VN, current_node,

Migration_Set, Protection_Set, Parent_List);

incrment_migration « CALCULATE_INCRMENT (augmented_VN_migration —

augmented_VN);

// Option2: Add a backup node to protect child node and record resource
increment (Lines 25--28)

virtual link « VIRTUAL_LINK_WITH_MAX_BANDWIDTH(

current_node.adjacent_links);

(augmented_VN_backup, backupnode) «+ PLACE_ BACKUP_NODE (augmented VN,

virtual link);

(augmented_VN_backup, entry_backup) «

RECOVER_-BACKUP_NODE_OPTION(Original VN, augmented_VN_backup,

current_node, backup_node);

incrment_backup « CALCULATE_INCRMENT (augmented _VN_backup —

augmented _VN);

Protection_Set « Protection_Set U { current node };

// 1f the resource increment of backup-node option is lower, branch out
for further processing (Lines 30--33)
if incrment_backup < incrment_migration then
Backup_Set < Migration_Set U { entry_backup };
incrment_branch « increment + incrment_backup;
Branch SET « ENQUEUE({ incrment branch, Original VN,
augmented_VN_backup, Backup_Set, Protection_Set, Parent List, Child_List });
// Record the migration option augmented VN and update resource increment
(Lines 34--36)
augmented_VN «— augmented_VN_migration;
Migration Set «— Migration_Set U { entry_migration };

increment « increment + incrment_migration;

// Promote children to parents, define adjacent primary nodes as children,
then sort
{ Parent_List, Child_List } « UPDATE_AND_SORT_CHILDLIST (augmented_VN,
| Protection_Set, Parent List, Child_List);

// Record the final augmented VN and resource increment for each branch
Candidate_Set < Candidate_Set U { { increment, augmented _VN } };

// Among augmented VNs with the same quantity of backup node, pick the smallest
increment as the best candidate and record them

Best_Candidate_Set <« SELECT_BEST_CANDIDATE_PER_BACKUP_COUNT|(Candidate_Set);

return Best_Candidate_Set;

Algorithm 1. Pseudo code of Nest-Base algorithm
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The pseudo code begins by initializing essential sets and lists (Lines 1-8), including
the Migration Set, which records the designated migration target for each virtual node
in case the node is affected or its current Nest becomes occupied by another node; the
Protection Set, which tracks the list of virtual nodes that have already been protected;
and the Parent List and Child List, which specify the parent and child relationships

among virtual nodes to guide the order of protection and mapping.

After initialization, the algorithm selects the first virtual node to be protected by first
identifying the node with the highest degree. If multiple nodes have the same degree,

the node with the largest total surrounding bandwidth demand is selected (Line 9).

The backup node for this first virtual node is then placed along the virtual link with

the highest bandwidth demand among its adjacent links (Lines 10-11).

Once the backup node is placed, the corresponding protection configuration is
recorded (Line 12), and the resource increment caused by this initial protection is

computed (Line 13).

The migration information and protection status of the first protected virtual node are
recorded (Lines 14-15), after which this node is designated as the parent node, and its
adjacent primary virtual nodes (unprotected virtual neighbors) are identified as child
virtual nodes and sorted based on the bandwidth demands of the virtual links

connecting them to the parent node (Lines 16-17).

(Lines 19-38) handle the protection process for all augmented VN branches. Each
time, a single branch is dequeued for processing (Line 20), and the child virtual nodes
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listed in the corresponding Child List are sequentially processed (Lines 21-36).

Once all child nodes in Child List are processed, these child nodes are promoted to
parent nodes, and their unprotected adjacent primary virtual nodes are identified as
the new child nodes. The new child nodes are then sorted to determine the next

protection order before the process repeats (Line 37).

At (Line 22), each child virtual node is processed one at a time. For each child node,
two protection options are available: Option 1 (Line 23) protects the node through
migration, allowing it to occupy an existing Nest; Option 2 (Lines 25-27) protects the
node by introducing a new backup node along its adjacent virtual link with the highest
bandwidth demand. If Option 2 results in a smaller resource increment compared to
Option 1, the algorithm records the current state, along with the augmented VN
generated using Option 2, and enqueues this newly formed branch for further
processing as an alternative augmented VN branch (Lines 30-33). It is important to
note that the decision to adopt Option 2 only determines whether an alternative branch
is created, while the current branch always adopts Option 1, and the resulting

augmented VN and its corresponding resource increment are recorded (Lines 34-36).

Once all virtual nodes in the current augmented VN branch have been fully protected,

the branch is added to the candidate set of augmented VNs (Line 38).

After all branches have been processed, the algorithm first categorizes the candidate
branches based on the number of backup nodes they contain. Among the candidates
with the same number of backup nodes, the branch with the smallest resource
increment is selected as the best augmented VN for that particular backup node count.
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As aresult, the Best Candidate Set may contain multiple augmented VNs, each
corresponding to a different number of backup nodes. This complete set of best

candidates is then returned as the output (Lines 39-40).

4.3 Design for Mapping Algorithm

4.3.1 Mapping Process for Augmented VN

To efficiently minimize embedding costs on large-scale SN during the mapping phase,
the backup resources of the augmented VN must first be optimized at the VN level.
This optimization relies on the assumption that "an augmented VN with a smaller
resource increment will lead to a lower embedding cost." For this assumption to hold,

the mapping algorithm must exhibit linearity.

As discussed in Section 2.3.1, the mapping algorithms proposed in [16] and [17] lack
the property of linearity, which prevents them from maintaining a linear relationship
between the augmented VN’s resource increment and the final embedding cost. This
lack of linearity stems from two key issues: (1) these algorithms consider the sharing
of backup resources directly within the SN during the mapping phase, and (2) they do
not ensure that all virtual links are mapped in a way that prioritizes 1-hop paths

whenever possible.

To address these issues and ensure the linearity required by our design objective, the
proposed mapping algorithm is explicitly designed to possess these two essential
principles: (1) backup resource sharing is excluded from the mapping phase, and (2)
the link mapping process aims to achieve 1-hop paths for virtual links as much as

possible.
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Fig.74 Nest-Base: Augmented VN and virtual node metric values

To illustrate the operational process of the mapping algorithm, we consider the
augmented VN obtained from Branch 1 in Section 4.2, as depicted in Fig. 74. The
mapping process follows a sequential approach, where virtual nodes are mapped one
at a time, and virtual links are embedded immediately after both of their endpoint
virtual nodes are mapped. The shortest path algorithm is used to determine the

mapping of virtual links.

The mapping process begins by selecting the first virtual node to be embedded. To
determine the starting point, each virtual node’s surrounding bandwidth demand is
calculated as the sum of the bandwidth demands of all adjacent virtual links, as
illustrated in Fig. 74. Among all virtual nodes, y has the highest total surrounding
bandwidth demand, making it the most critical virtual node for embedding. Since the
total embedding cost is largely determined by path mapping costs, and the placement
of virtual nodes directly influences the mapping path lengths of their virtual links,
prioritizing y ensures that the virtual node with the highest surrounding bandwidth

demand is strategically placed in a best position. This facilitates efficient path
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mapping for subsequent nodes and minimizes overall embedding costs. Thus, vy is

chosen as the first node to be mapped.

A 3*%(90+80+70)=720
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Fig.75 Mapping the first virtual node to the substrate node with the highest metric

value

Once the first virtual node is determined, it is embedded onto the substrate node with
the highest metric in the SN, as shown in Fig. 75. It is important to note that the SN
used in this example is the same as the one shown in Fig. 13; however, the calculation
of the substrate node metric differs. The substrate node metric is computed by
multiplying the degree of the node by the sum of its adjacent available bandwidths.
Following this approach, the virtual node y is mapped onto the substrate node D,
which has the highest metric value, as its high degree indicates a greater number of
directly connected substrate nodes, and its high available bandwidth sum ensures that

sufficient resources are available to meet future path-mapping requirements.

The rationale behind this strategy is that embedding the virtual node with the highest
surrounding bandwidth demand onto the substrate node with the highest metric value

ensures that the subsequent virtual nodes surrounding y can be more easily mapped
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onto nearby substrate nodes. This increases the likelihood that their virtual links will

require only 1-hop paths in the link mapping process, reducing overall path mapping

costs.
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Fig.76 Defining y's adjacent nodes as child nodes during mapping phase

Once y has been mapped, all its adjacent virtual nodes are designated as child nodes,

while v itself is classified as a parent node, as illustrated in Fig.76.

The reason for defining the newly mapped virtual node as a parent node and its
adjacent virtual nodes as child nodes is to ensure that in the next step, when mapping
these child nodes (7,8, {), they can be mapped to the substrate nodes that are closest
to the substrate node where the parent node (y) has been mapped, which is D. By
mapping child nodes near the parent node in the SN, the subsequent virtual link
mappings are more likely to achieve 1-hop path length. By maintaining this 1-hop
correspondence, the method preserves the linearity property of the mapping process,

while also achieving the minimum path mapping cost.

The mapping order of child nodes is determined based on the bandwidth demand of

the virtual link between each child node and the parent node (y), sorted in descending

105
doi:10.6342/NTU202501591



order. By following this principle, { is mapped first, followed by =, and finally f.
Prioritizing the mapping of child nodes with higher bandwidth demands ensures that
these virtual nodes are placed at the most suitable substrate nodes, allowing the
corresponding high-bandwidth virtual links to be mapped efficiently with 1-hop paths.

This helps minimize the overall path mapping cost.

100 50 -

Fig.77 Mapping { and its virtual link to y

When mapping (, each available substrate node is tested one by one. After  is
mapped to a substrate node, the corresponding virtual link between C and vy is
immediately mapped to ensure that the embedding cost can be accurately calculated.
After evaluating all possible substrate nodes, it is found that mapping { to A, B, C, or
E results in the same minimum embedding cost. This is because these substrate nodes
allow the virtual link between { and y to be embedded with a 1-hop path, while also

having sufficient available computational resources to accommodate .

Since multiple substrate nodes provide the same minimum embedding cost, the final
selection is determined based on the metric values from Fig.75. The metric values for

A, B, C, and E are 720, 780, 960, and 540, respectively. Among these candidates, C

106

doi:10.6342/NTU202501591



has the highest metric value, making it the best choice for mapping {. Once ( is
mapped to C, the virtual link between { and y is immediately mapped onto the SN, as

illustrated in Fig.77.

During the link mapping process, the primary bandwidth and backup bandwidth are
directly allocated, as indicated by the black and pink text in Fig.77, respectively. The
mapping does not consider backup bandwidth sharing among backup paths in the SN,
ensuring that the total backup bandwidth is explicitly allocated for each virtual link.
Ensuring that the mapping algorithm maintains linearity by preventing unpredictable
bandwidth sharing effects that could alter the relationship between the backup

resource increments in the augmented VN and the resulting embedding cost.

'm A
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Fig.78 Mapping backup node and its virtual link to y

Following the same mapping strategy, « is tested on all available substrate nodes.
After each mapping attempt, the corresponding virtual link between 7 and v is
immediately mapped to evaluate the embedding cost. After testing all possible
substrate nodes, it is found that mapping « to A, B, or E results in the same minimum

embedding cost, as all three substrate nodes allow the virtual link between m and vy to
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be embedded with a 1-hop path, and their available computational resources are

sufficient to accommodate 7.

Since multiple substrate nodes provide the same minimum embedding cost, the final
selection is determined based on the metric values from Fig.75. The metric values for
A, B, and E are 720, 780, and 540, respectively. Among these candidates, B has the
highest metric value, making it the optimal choice for mapping . Once & is mapped
to B, the virtual link between © and y is immediately mapped onto the SN, as

illustrated in Fig.78.

Fig.79 Mapping B and its virtual link to y

Following the same mapping approach, [ is tested on all available substrate nodes,
and each time it is mapped, the corresponding virtual link between  and vy is
immediately embedded to evaluate the embedding cost. After testing all possible
substrate nodes, it is found that mapping B to A or E results in the same minimum
embedding cost. Both substrate nodes allow the virtual link between 3 and y to be
embedded with a 1-hop path, and their available computational resources are

sufficient to support f3.
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Since multiple substrate nodes provide the same minimum embedding cost, the final
selection is determined based on the metric values from Fig.75. The metric values for
A and E are 720 and 540, respectively. Among these candidates, A has the highest
metric value, making it the optimal choice for mapping B. Once  is mapped to A, the

virtual link between § and y is immediately mapped onto the SN, as illustrated in

Fig.79.
15 25
6 Ch||d
(o ] ) Chlld, . 6
- ) ¢ ',Parent =
7 [s10] 1 o Child
J\ Chlld Parent 5+1(< ‘ l Parent [ H = \& 4
& 1418 child(, / G \ ‘g
Child 12 & 1418 ¥
- - m - - -1o+15 Parent, o
“ehild

Fig.80 Parent-child node transition during mapping phase

After mapping (, m, and B, the next step is to update the parent-child relationships
among the virtual nodes. As shown in Fig.80, the newly mapped nodes {, &, and 3 are
now designated as parent nodes, while their adjacent virtual nodes that have not yet
been mapped, a, 9, €, and n, are assigned as child nodes, ensuring that they will be

mapped next.

Since these child nodes are now ready for mapping, their mapping order must be
determined to optimize the overall embedding efficiency. The mapping order of child
nodes is based on the bandwidth demand of the virtual link between each child node
and its parent node, sorted in descending order. Following this criterion, the child

nodes are mapped in the order of 9, €, 1, and a.

109
doi:10.6342/NTU202501591



Fig.81 Mapping o and its virtual link to backup node

The mapping of 6 follows the same approach as other child nodes. Each possible
substrate node is tested one by one. After mapping d to a substrate node, the
corresponding virtual link between & and its parent node 7 is immediately mapped to
evaluate the embedding cost. This process is repeated until all possible substrate

nodes have been tested.

After testing all potential substrate nodes, the optimal choice is determined by
selecting the substrate node that is closest to the substrate node where the parent node
7 has been mapped (B), while also having sufficient available computational
resources. Based on this criterion, F is selected as the substrate node for 9, as it meets
both conditions. Once 6 is mapped to F, the virtual link between d and = is

immediately mapped onto the SN, as illustrated in Fig.81.
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Fig.82 Mapping € and its virtual link to

After mapping 9J, the next step is to map ¢ following the same approach as the
previous child nodes. Each possible substrate node is tested one by one. After
mapping ¢ to a substrate node, the corresponding virtual link between ¢ and its parent
node { is immediately mapped to evaluate the embedding cost. This process is

repeated until all possible substrate nodes have been tested.

The optimal substrate node for ¢ is determined by selecting the node that is closest to
the substrate node where the parent node £ has been mapped (C), while also having
sufficient available computational resources. After testing all possible substrate nodes,
E and G are found to have the same minimum embedding cost. Since multiple
candidates provide an optimal mapping cost, the final selection is made based on the
metric values from Fig.75. The metric values for E and G are 540 and 240,
respectively, making E the optimal choice for mapping €. Once ¢ is mapped to E, the
virtual link between € and ( is immediately mapped onto the SN, as illustrated in

Fig.82.
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Fig.83 Mapping 1 and its virtual links to { and &

After mapping &, the next step is to map 1. Since n's adjacent virtual nodes include
both its parent node  and its child node &, which have already been mapped, its
mapping process differs from previous child node mappings. Unlike the previous
cases where only the parent node was considered, n's mapping must take into account
both € and ¢ to ensure an optimal placement. As with other mappings, 7 is tested on all
possible substrate nodes one by one. After mapping 1 to a substrate node, the
corresponding virtual links between 1 and both { and € are immediately mapped to
evaluate the total embedding cost. This process is repeated until all possible substrate

nodes have been tested.

The optimal substrate node for 1 is determined by selecting the node that is closest to
both the substrate node where its parent node { has been mapped (C) and the substrate
node where its adjacent child node € has been mapped (E), while also having
sufficient available computational resources. Here, "closest" refers to the substrate
node that results in the minimum embedding cost when mapping the virtual links

between 1 and both { and «.
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Based on this criterion, G is selected as the substrate node for 1 since it has the lowest
embedding cost, with a path cost of 9 to { and 8*2 to €. Once 1 is mapped to G, the
virtual links between 1 and both { and € are immediately mapped onto the SN, as

illustrated in Fig.83.

90-25 75-5-10

Fig.84 Mapping a and its virtual links to § and &

After mapping 1, the next step is to map a. Unlike previous child node mappings, a's
mapping process must consider two previously mapped parent nodes,  and 6, instead
of just one. Since B has been mapped to A and 6 has been mapped to F, o must be
placed at a substrate node that is closest to both A and F while also having sufficient

available computational resources.

As with other mappings, a is tested on all possible substrate nodes one by one. After
each mapping attempt, the corresponding virtual links between a and both 3 and 6 are
immediately mapped to evaluate the total embedding cost. This process is repeated
until all possible substrate nodes have been tested. After testing all candidates, H and I
are found to have the same minimum embedding cost. The final selection is

determined based on the metric values from Fig.75, where H has a metric value of
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1120 and I has a metric value of 220. Since H has the highest metric value, it is
chosen as the final mapping location for a. Once a is mapped to H, the virtual link
between a and both B and 6 are immediately mapped onto the SN, as illustrated in

Fig.84.

The mapping results indicate that most virtual links were successfully embedded
using 1-hop paths, aligning with the intended strategy to minimize total path mapping
costs. However, due to the limited availability of SN resources, some virtual nodes
had to be mapped to SN locations that resulted in longer mapping paths. Specifically,
the virtual link between € and n requires a 2-hop SN paths, while the virtual link
between a and B requires a 3-hop SN paths. A key observation is that these virtual
links have some of the lowest bandwidth demands among all virtual links in the
augmented VN, with demands of only 8 and 6, respectively. These values rank as the
third smallest and the smallest bandwidth demands, meaning that even though these
mapping paths are longer, their low bandwidth demands prevent them from

significantly impacting overall bandwidth consumption.

While achieving 1-hop paths for all virtual links is the ideal scenario, this mapping
algorithm is not only beneficial for optimizing bandwidth allocation but also crucial
for maintaining the linearity of the mapping algorithm. However, practical SN
resource constraints make it impossible to achieve 1-hop paths for every virtual link.
In such cases, rather than allowing high-bandwidth virtual links to be mapped onto
longer SN paths, it is more cost-effective to let low-bandwidth virtual links bear this
additional path length. This strategic trade-off minimizes the overall bandwidth
allocation cost while still preserving the linear properties of the mapping process.
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Since low-bandwidth virtual links have a smaller impact on total bandwidth
consumption, placing them on longer SN paths when necessary is a more practical

and cost-efficient choice to maintain overall mapping efficiency.

Comparison Between Branch 1 and Branch 2

Following the mapping process, the total embedding costs for Branch 1 and Branch 2
are evaluated based on computational resource consumption and bandwidth resource
consumption. The results show that Branch 1 incurs a computational resource
consumption of 135 and a bandwidth resource consumption of 114, leading to a total
embedding cost of 249. On the other hand, Branch 2 requires 140 for computational
resources and 121 for bandwidth resources, resulting in a total embedding cost of 261,
as shown in Fig.85. Since the mapping process for Branch 2 follows the same
methodology as Branch 1, the detailed mapping steps are omitted. Given that Branch
1 achieves a lower total embedding cost compared to Branch 2, it is selected as the

final mapping result.

[}

~

Fig.85 Mapping result of the second branch's augmented VN
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The embedding costs of the selected Branch 1 mapping result are compared with
those of the methods presented in [16] and [17]. The FIP method from [16] has a total

embedding cost of 267, as shown in Fig. 86.

Fig.86 Mapping result of the 7-node VN in Fig. 51 using FIP

While the FDP method from [16] results in an embedding cost of 266, as illustrated in
Fig. 87. Additionally, Fig. 87 presents the backup resource increment required for

each node failure scenario using different colors in the table.
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Fig.87 Mapping result of the 7-node VN in Fig. 51 using FDP, with

different backup resource increments indicated by colors

In contrast, the augmented VN method from [17] fails to complete the embedding
process due to the VN consisting of 10 virtual nodes, which exceeds the 9 substrate

nodes available in the SN, as depicted in Fig. 88.

Fig.88 Augmented 7-node VN in Fig. 51 using ProRed
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These results demonstrate that the proposed approach, represented by the Branch 1
mapping result, achieves a lower embedding cost than both the FIP and FDP methods
in [16]. Furthermore, compared to the augmented VN method from [17], which fails
due to an excessive number of virtual nodes, the proposed method successfully

completes the embedding process without exceeding the available substrate nodes.

Fig.89 Augmented 4-node VN in Fig. 1 using our proposed algorithm

To further validate the effectiveness of the proposed mapping algorithm, we also
apply it to the same 4-node VN topology used in Section 2.2.2.2, where the mapping
algorithms in [16] and [17] were evaluated. This allows a fair comparison between the
proposed method and existing works under identical VN conditions. The resulting
mapping cost for the proposed algorithm is 255, as shown in Fig.89, which is
significantly lower than the mapping costs of 330 and 315 achieved by the FIP and
FDP algorithms in [16], respectively, and also lower than the mapping cost of 305
achieved by the ProRed algorithm in [17]. These results further demonstrate that the

proposed algorithm achieves superior embedding performance.
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4.3.2 Pseudo Code for Mapping Algorithm

Algorithm 2: Mapping Augmented VN to SN (Mapping Algorithm)

© W N o s

10

11

12

13

14
15

16

17
18

19

Input: SN, Best_Candidate_Set

Output: Optimal-Mapping-Solution

Solution_Set «— {};

// Compute a metric value for each substrate node in SN

Node_Metric_Values «— CALCULATE_NODE_METRIC_VALUES(SN);

// Mapping each candidate augmented VN solution independently onto SN_Temp, which is
an identical but independent copy of SN (Line 3--45)

for {increment, augmented VN} € Best_Candidate_Set do

// Initialize mapping variables for this candidate augmented VN (Lines 4--10)

Parent List « {};

Child_List «— {}:

Mapped_Substrate_Node_List « {};

Mapped_-Virtual_Node_List < {};

Node_Mapping_Solution_Set «— {};

Link_Mapping_Solution_Set « {};

total_mapping_cost < 0;

// Create a copy of SN for independent mapping of this candidate augmented VN
(Line 11)

SN_Temp < SN;

// Map the first virtual node: select the virtual node with the highest
surrounding bandwidth, then map it to the most appropriate substrate node;
record the mapping and mapping cost. Reject the candidate if no substrate
node is available (Lines 12--19)

first_virtual node «—

VIRTUALNODE_WITH_HIGHEST_SURROUNDING_BANDWIDTH (augmented_VN);

selected substrate_node «— SORT_AND_SELECT_SUBSTRATE_NODE(first_virtual_node,

Node_Metric_Values, SN_Temp);

if selected_substrate_node = Null then

|_ continue;

node_mapping_cost < MAP_VIRTUAL_NODE(first_virtual_node, selected_substrate_node,
SN_Temp);

Mapped_Substrate_Node_List « Mapped_Substrate_Node_List U {selected substrate_node};
Node_Mapping_Solution_Set < Node_Mapping_Solution_Set U {{first_virtual_node,

selected substrate_node}};

total_-mapping_cost « node_mapping_cost;
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20
21

22

23

24
25

26
27

28

29

30
31

32
33

34

35

36

37

38
39

// Set the first virtual node as the parent and define its adjacent virtual
nodes as children; then sort the child mapping order (Lines 20--21)

Parent List «— {first_virtual node};

{Parent_List, Child_List} « UPDATE_AND_SORT_CHILDLIST (augmented-VN,

Mapped_Virtual_Node_List, Parent_List, Child_List);

// Use a boolean flag to indicate this candidate augmented VN mapping failure

mapping-failed «— false;

// Map the remaining virtual nodes and all virtual links onto SN (Line 23--42)

while Child_List # () do

for current_virtual-node in Child-List do

Candidate_-Node_And_Link_-Mapping Set «— {};

// Test mapping of the current virtual node to every available substrate
node and record the link mapping cost and mapping path set (Lines
26--28)

for current_substrate_node in (SN _Temp.nodes \ Mapped_Substrate_Node_List) do
link-mapping_cost, Mapping_Path_Set «—

TESTNODE_AND_LINK_MAPPING (current_virtual node, current_substrate node,
Node_Mapping_Solution_Set, SN_Temp, augmented _VN);
Candidate_Node_And_Link_Mapping Set <+ Candidate_Node_And_Link_Mapping_Set
U {{link_mapping_cost, current_substrate_node, Mapping_Path_Set}};

// Select the substrate node with the lowest link mapping cost; if
multiple substrate nodes have the same cost, choose the one with the
highest node metric value. Then, map the current virtual node and its
corresponding virtual links. Reject the candidate if node or link
mapping fails (Lines 29--39)

if Candidate_Node_-And_Link_-Mapping-Set = () then
// if node or link mapping fails, set the flag to true
mapping_failed < true;
break;

else

selected_substrate_-node, Mapping_Path_Set «—
THE_BEST_CANDIDATE_MAPPING_SET(Candidate_-Node_And_Link_Mapping_Set,
Node_Metric_Values);

node_mapping-cost < MAP_VIRTUAL_NODE(current_virtualnode,
selected_substrate-node, SN_Temp);

link_mapping_cost «— MAP_VIRTUAL_LINK(Mapping_Path_Set, SN_Temp);
Mapped_Virtual_Node_List < Mapped_Virtual Node_List U {current_virtual node};
Node_Mapping_Solution_Set <+ Node_Mapping_Solution_Set U
{{current_virtual-node, selected_substrate-node}};

Link_Mapping-Solution_Set «— Link_Mapping-Solution_Set U {Mapping-Path_Set};
total_mapping_cost < total_-mapping_cost + node_mapping_cost +

link-mapping_cost;:
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// If node or link mapping fails, terminate the mapping of this augmented VN

40 if mapping_failed = true then
41 |_ break:
// Update parent-child relationships for the current candidate augmented VN
(Line 42)
42 {Parent_List, Child_List} «

UPDATE_AND_SORT_CHILDLIST (Mapped-Virtual Node_List, Parent_List, Child_List,
augmented_-VN);

// If node or link mapping fails, reject this candidate augmented VN
43 if mapping._failed = true then

44 |_ continue;

// Record the mapping solution and total mapping cost for this candidate
augmented VN (Line 45)

45 Solution_Set « Solution_Set U {{total_-mapping_cost, Node_Mapping_Solution_Set,

| Link_Mapping_Solution_Set} }:

// If no valid mapping solution exists among all candidate augmented VNs, reject
this VN Request; otherwise, return the optimal mapping solution with the minimum
mapping cost (Line 46--49)

46 if Solution.Set = () then
a7 I_ return False;

48 Optimal_-Mapping-Solution « SELECT_OPTIMAL_-MAPPING_SOLUTION(Solution_Set);

49 return Optimal Mapping_Solution;

Algorithm 2. Pseudo code of mapping algorithm

A set is initialized to store the mapping costs and corresponding mapping solutions for
all input candidate augmented VNs (Line 1). The metric value calculated for each
substrate node determines the node mapping target for the first virtual node and helps

select among equally optimal substrate nodes during subsequent node mappings (Line

2).

Each candidate augmented VN is mapped onto an independent copy of SN, and both
its mapping cost and corresponding mapping solution are stored in the Solution_Set

(Lines 3-45).

Mapping variables are initialized to support the mapping process (Lines 4-10),
including the parent and child node lists, the sets of mapped substrate and virtual
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nodes, the node-to-substrate mapping records, the link mapping paths, and the
accumulated total mapping cost. The SN is then duplicated to create an independent
copy, SN_Temp, which is identical to the original SN but mapped separately (Line

11).

The first virtual node to be mapped is selected based on the total bandwidth demand
of its adjacent virtual links, and it is mapped to the substrate node with the highest
metric value in Node Metric_Values that also satisfies the node computing resource
demand. The mapped substrate nodes, and node mapping cost are recorded
accordingly. If no suitable substrate node is available, this candidate augmented VN is

discarded (Lines 12-19).

The first mapped virtual node is designated as the parent node, and its adjacent virtual
nodes are identified as child nodes. These child nodes are then sorted to determine the
order in which they will be mapped during the mapping phase (Lines 20-21). A flag is
also initialized to indicate whether node or link mapping failures occur during the

mapping process (Line 22).

The remaining virtual nodes and their corresponding virtual links in the candidate
augmented VN are mapped onto the SN (Lines 23-42). This process maps one virtual
node at a time through an iterative loop (Line 24). For each virtual node, all substrate
nodes that satisfy the node computing resource demands are tested, and a trial
mapping is performed for both the node itself and the virtual links connecting it to
previously mapped nodes in the Node Mapping_Solution Set (Lines 26-28). The link
mapping cost for each trial is recorded. In (Lines 29-31), if no valid substrate node
can be found, indicating that either node or link mapping has failed, the algorithm sets
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mapping_failed = True and immediately breaks out of the loop. Otherwise, the
substrate node with the smallest link mapping cost is selected. If multiple candidates
have the same cost, the one with the highest metric value in Node Metric_Values is
chosen. The mapping information for both the virtual node and the corresponding
substrate node is updated, and the total mapping cost is accumulated accordingly

(Lines 32-39).

If a node or link mapping failure occurs, the algorithm immediately terminates the
candidate augmented VN mapping process for the remaining virtual nodes and links
(Lines 40-41). The failed candidate augmented VN is then discarded without being
added to the solution set (Lines 43-44). If the mapping succeeds, the algorithm
updates the parent-child relationships by promoting the mapped child node to a parent
node and directly updating the child list to include the unmapped neighboring virtual
nodes of the new parent node. The updated child list is then re-sorted to determine the

subsequent mapping order (Line 42).

After mapping all candidates, the algorithm selects the solution with the lowest
mapping cost as the final output. If no candidate augmented VN can be successfully

mapped, the original VNR is rejected (Lines 46-49).
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CHAPTER 5
PERFORMANCE EVALUATION

This chapter evaluates the effectiveness of the proposed augmentation and mapping
algorithms through numerical analysis using exhaustive search and simulation, with
the numerical analysis conducted under small-scale conditions and the simulation
modeling realistic network scenarios. Section 5.1 conducts numerical analysis using
exhaustive search to verify the linearity of the proposed mapping algorithm and to
compare the lowest mapping cost obtained under the MUPL augmentation strategy
with those achieved by other augmentation strategies, across different SN densities
and various VN topologies. The evaluation is conducted using small-scale VNs with
four virtual nodes, covering all possible VN topologies, to ensure a comprehensive
assessment of the augmentation and mapping performance. Section 5.2 evaluates the
practical performance of the proposed methods in realistic network scenarios,
considering different SN sizes and workload conditions, measuring mapping
(embedding) cost under moderate load and acceptance rate under high load

conditions.

5.1 Numerical Analysis

This section conducts exhaustive numerical analysis under different SN densities to
validate the linearity property of the proposed mapping algorithm and to evaluate the
effectiveness of the MUPL augmentation strategy in identifying the augmented VN
with the minimum increment and the lowest mapping cost. The evaluation also
includes comparisons with existing augmentation strategies, SUDN ([16]) and MRPL
(17D.
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For each numerical analysis, a fixed VN topology is selected from the six possible
topologies with four virtual nodes. Under each augmentation strategy, all possible
augmented VNs are exhaustively generated (except in the MUPL strategy, where only
single-backup-node cases are considered due to combinatorial explosion). Each
generated augmented VN is then mapped onto an independent but identical SN using
the mapping algorithm adopted in the corresponding reference—FIP or FDP for
SUDN ([16]), ProRed for MRPL ([17]), and the proposed linear mapping algorithm
for MUPL. Both the augmentation increment and the resulting mapping cost are

recorded for every configuration.

In addition to the overall evaluation, the numerical analysis also assesses whether the
proposed Nest-Base algorithm can effectively identify the minimal-increment
augmented VN under the MUPL strategy. Furthermore, the mapping cost of the
augmented VN selected by the Nest-Base algorithm is compared against the mapping
costs of the augmented VN5 selected by the heuristic methods used in [16] and [17],

to evaluate the overall efficiency and quality of the proposed solution.

Due to the exponential growth of the augmentation solution space in MUPL,
performing a complete exhaustive search across all possible augmented VNs is
infeasible. For instance, as shown in Section 4.1, even a small-scale VN with four
virtual nodes and four virtual links can result in 497,871,360,000 possible augmented
VN configurations under MUPL, making full enumeration impractical. To address
this, the exhaustive numerical analysis is conducted using a single backup node for
augmentation, which remains a reasonable approach for small-scale VNs. This is
based on the assumption that, in small-scale VNs(four virtual nodes), the optimal
augmented VN is likely to involve only one backup node, as adding multiple backup
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nodes would require additional computational resources, backup links, and
bandwidth, which may not contribute to achieving the minimum increment

augmented VN.

The experimental setup is detailed in Section 5.1.1, which describes the VN and SN
configurations, including the selection of different SN density levels. The results are
categorized based on three SN density levels: sparse, semi-dense, and dense, which
are analyzed in Sections 5.1.2, 5.1.3, and 5.1.4, respectively. Finally, Section 5.1.5
summarizes the key observations from these results, providing a consolidated analysis

of the effectiveness of the proposed method across different SN densities.

5.1.1 Experimental Setup

This section details the experimental setup used in the exhaustive numerical analysis.
Section 5.1.1.1 describes the VN settings, including the six predefined VN topologies
that ensure a comprehensive evaluation across different network structures. Section
5.1.1.2 outlines the SN configurations, categorized into three different density
levels—sparse, semi-dense, and dense—each representing different levels of
connectivity and resource availability. Section 5.1.1.3 introduces the performance
metrics used to evaluate the augmentation and mapping methods, focusing on
increment difference to assess the efficiency of the augmentation strategy, mapping
(embedding) cost difference to evaluate the overall performance of the designed
algorithm, and correlation coefficient to analyze the linearity of the mapping

algorithm.
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5.1.1.1 Virtual Network Settings
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Fig. 90 VN topology: (a) Line. (b) Star. (c) Star+1. (d) Ring. (¢) Fully Connected-1.

(f) Fully Connected.

Each VN used in the exhaustive numerical analysis consists of four virtual nodes and
follows one of six predefined topologies, ensuring a comprehensive evaluation of
different VN topologies. The six topologies used are as follows. The Line topology
(Fig. 90 (a)) consists of four nodes connected in a straight path, where each node is
linked to at most two other nodes. The Star topology (Fig. 90 (b)) has a central node
connected to all other nodes, forming a hub-and-spoke pattern. The Star with an Extra
Link topology (Fig. 90 (c)) extends a basic star formation by adding an extra link. The
Ring topology (Fig. 90 (d)) forms a closed-loop where each node connects to exactly
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two neighboring nodes. The Fully Connected Minus One Link topology (Fig. 90 (e))
resembles a complete mesh but with one missing link, creating a near-complete
interconnection. Lastly, the Fully Connected topology (Fig. 90 (f)) represents a

scenario where every node is directly connected to all other nodes.

These six topologies represent all possible VN topologies with four nodes, ensuring
that the exhaustive numerical analysis considers every potential VN configuration. By
using all possible VN topologies, we validate whether our proposed methods remain
effective across different VN shapes. The bandwidth and computational resource

demands for each topology are explicitly defined in Fig. 90 (a)-(f).

5.1.1.2 Substrate Network Settings

100 ?9//

Fig.91 Sparse SN Fig.92 Semi-Dense SN

The SN used in the exhaustive numerical analysis is categorized into three distinct
density levels, each representing a different level of connectivity and resource
availability. Similar to the VN topology selection, the inclusion of all three SN density

levels ensures a comprehensive evaluation of our methods under different resource
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constraints, validating whether they remain effective across various SN environments.

The Sparse SN (Fig. 91) has limited resources and low connectivity, meaning there
are fewer available substrate links for mapping. This constraint makes it difficult to
find efficient augmentation solutions. The Semi-Dense SN (Fig. 92) has moderate
connectivity, providing a balanced test scenario where more substrate links are
available but still constrained compared to dense networks. The Dense SN is derived
from the semi-dense SN by adding extra substrate links to enhance connectivity. The
additional links are represented using the format Link(Nodel, Node2, Bandwidth),
where Nodel and Node2 indicate the two endpoints of the substrate link, and

Bandwidth represents the available bandwidth for that link.

Link('A', 'E', 100), Link("A", 'F', 70), Link('A", 'G', 80), Link('A’, 'H', 60), Link('A', 'T', 50),
Link('B', 'C', 100), Link('B', 'E', 60), Link('B', 'G', 80), Link('B', 'H', 110),

Link('C'", 'F', 60), Link('C', 'H', 80), Link('C', 'T', 90),

Link('D', 'F', 90), Link('D’, 'G', 110), Link('D', 'H', 50), Link('D', 'T', 60),

Link(E!, 'T, 100), Link('F', 'G', 80),

These additional substrate links offer abundant resources, allowing survivability with

minimal additional cost.

By testing the proposed methods across these three SN types, we evaluate their
effectiveness in different network environments, ensuring robustness across various

substrate resource conditions.
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5.1.1.3 Performance Metrics

To evaluate the effectiveness of the augmentation and mapping methods, several key
performance metrics are used in the exhaustive numerical analysis. These metrics
assess the quality of the augmented VN selection, the efficiency of mapping, and the

linearity of the mapping algorithm.

Increment Difference (Avn) represents the difference between the increment of the
augmented VN selected by the algorithm and the increment of the optimal augmented
VN under a given augmentation strategy. This metric reflects the effectiveness of the

algorithm in identifying the minimal increment augmented VN.

Mapping Cost Difference (Asn) quantifies the difference between the mapping cost
of the algorithm-selected augmented VN and the lowest mapping cost obtained
among all augmented VNs under the same augmentation strategy. This metric
evaluates the overall performance of the designed algorithm, including both the

algorithm for selecting the augmented VN and the mapping algorithm.

Correlation Coefficient (p) measures the linearity between the increment and the
mapping cost across all augmented VNs under a given augmentation strategy. Since
correlation coefficient quantifies the degree of linearity, this metric indicates the

extent to which the mapping algorithm exhibits linear characteristics.

Furthermore, we define two key mapping cost indicators: costopt and costheu. The term
costopt represents the lowest mapping cost obtained among all augmented VNs under
a given augmentation strategy, serving as the optimal reference.
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The term costneu represents the mapping cost when the algorithm-based augmentation
method selects an augmented VN, providing insight into how well the algorithm

approximates the optimal mapping cost.

These performance metrics collectively provide a comprehensive evaluation of the
augmentation and mapping strategies, ensuring that the proposed method is effective

across various SN conditions and VN topologies.

To illustrate the distribution of augmented VNs in the exhaustive numerical analysis
results, data points in the figures are color-coded based on the number of augmented
VNs sharing the same increment and mapping cost. Specifically, red, , green,
blue, purple, and represent 1-9, 10-99, 100-999, 1,000-9,999, 10,000-99,999,

and 100,000 or more augmented VNs, respectively.

Additionally, in the scatter plots under SUDN, solutions found using the FIP method
from [16] are marked with black stars, and solutions found using the heuristic under
the FDP method from [16] are marked with blue-green stars. In the scatter plots under
MRPL, solutions identified by the ProRed method from [17] are marked with blue-
green stars. Similarly, in the scatter plots under MUPL, solutions obtained using our

Nest-Base algorithm are also marked with blue-green stars.
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5.1.2 Results in Sparse Substrate Network
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Fig. 93 Exhaustive Numerical Analysis Results in Sparse SN Using Line VN
Topology:

(a) SUDN. (b) MRPL. (c) MUPL.

m SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
270 240 210

COSt o

costy., FIP:285 255 215
FDP:285

Dyy FIP: 145-115=30(26.1%) 100-100=0(0%) 75-70=5(7.14%)
FDP:145-115=30(26.1%)

Aoy FIP: 285-270=15(5.6%)  255-240=15(6.25%) 215-210=5(2.38%)
FDP:285-270=15(5.6%)

p of all data 0.29042 0.841489 1

Table 5 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation in

Sparse SN Using Line VN
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Fig. 94 Exhaustive Numerical Analysis Results in Sparse SN Using Star VN
Topology:

(a) SUDN. (b) MRPL. (c) MUPL.

m SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
195 195 180

Cost

costy., FIP:240 195 180
FDP:255

Dyy FIP: 115-100=15(15%) 70-70=0(0%) 55-55=0(0%)
FDP:115-100=15(15%)

Agy FIP: 240-195=45(23.1%) 195-195=0(0%) 180-180=0(0%)
FDP:255-195=60(30.8%)

p of all data 0.689688 0.993823 0.992763

Table 6 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation in

Sparse SN Using Star VN
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Fig. 95 Exhaustive Numerical Analysis Results in Sparse SN Using Star+1 VN

Topology:

(a) SUDN. (b) MRPL. (c) MUPL.

SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
255 250 215

cost,p

costy e,
Ayy

ASN

FIP:265
FDP:280

FIP: 120-110=10(9%)
FDP:120-110=10(9%)
FIP: 265-255=10(3.9%)
FDP:280-255=25(9.8%)

p of all data 0.698841

260

95-90=5(5.6%)

260-250=10(4%)

0.82309

220

55-55=0(0%)

220-215=5(2.33%)

0.

656854

Table 7 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation in

Sparse SN Using Star+1 VN
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Fig. 96 Exhaustive Numerical Analysis Results in Sparse SN Using Ring VN
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(a) SUDN. (b) MRPL. (c) MUPL.

m SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
310 295 225

cost,

COStpey

AVN

Asy

FIP:360
FDP:360

FIP: 145-135=10(7.4%)
FDP:145-135=10(7.4%)

FIP: 360-310=50(16.1%)
FDP:360-310=50(16.1%)

p of all data 0.181108

380

100-100=0(0%)

380-295=85(28.8%)

0.76555

225

65-65=0(0%)

225-225=0(0%)

250

300

Table 8 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation in

Sparse SN Using Ring VN
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Fig. 97 Exhaustive Numerical Analysis Results in Sparse SN Using Fully Connected-

1 VN Topology:(a) SUDN. (b) MRPL. (c) MUPL.

Fully SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
Connected-1

COSt oy

cost, ., FIP:405 370 260
FDP:405

A FIP: 145-135=10(7.4%)  105-105=0(0%) 70-70=0(0%)
FDP:145-135=10(7.4%)

A FIP: 405-330=75(22.7%)  370-325=45(13.8%) 260-260=0(0%)
FDP:405-330=75(22.7%)

p ofall data 0.141915 0.708629 0.611217

Table 9 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation in

Sparse SN Using Fully Connected-1VN
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Fig. 98 Exhaustive Numerical Analysis Results in Sparse SN Using Fully Connected

COStop

costy.,

AVN

ASN

p of all data 0.105457

VN Topology:(a) SUDN. (b) MRPL. (c) MUPL.

Fully SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
Connected
340 335 290

FIP:435

FDP:435

FIP: 145-135=10(7.4%)
FDP:145-135=10(7.4%)

FIP: 435-340=95(27.9%)
FDP:435-340=95(27.9%)

390 290

105-105=0(0%) 80-80=0(0%)
390-335=55(16.4%) 290-290=0(0%)

0.825677 0.605601

Table 10 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Sparse SN Using Fully Connected VN
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5.1.3 Results in Semi-Dense Substrate Network
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Fig. 99 Exhaustive Numerical Analysis Results in Semi-Dense SN Using Line VN

Topology:(a) SUDN. (b) MRPL. (c) MUPL.

SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
270 240 210

cost,

opt

costy, FIP:300 240 215
FDP:300

i FIP: 145-115=30(26.1%)  100-100=0(0%) 75-70=5(7.14%)
FDP:145-115=30(26.1%)

Doy FIP: 300-270=30(11.1%)  240-240=0(0%) 215-210=5(2.38%)
FDP:300-270=30(11.1%)

p of all data 0.285561 0.682566 1

Table 11 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Semi-Dense SN Using Line VN
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Fig. 100 Exhaustive Numerical Analysis Results in Semi-Dense SN Using Star VN

Topology:(a) SUDN. (b) MRPL. (c) MUPL.

m SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
210 195 180

cost

opt
costy, FIP:255 195 180
FDP:270
Dy FIP: 115-100=15(15%)  70-70=0(0%) 55-55=0(0%)
FDP:115-100=15(15%)
fils FIP: 255-210=45(21.4%)  195-195=0(0%) 180-180=0(0%)

FDP:270-210=60(28.6%)

p of all data 0.565602 0.892022 1

Table 12 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Semi-Dense SN Using Star VN

139
doi:10.6342/NTU202501591



Scatter Plot Scatter Plot

Scatter Plot °
.
. 400 . . oy § 450 o
375 o 0 o088 g o gt |, .
T G A 400 Sgss
5 200 2 350 IR I 7
2 3 08%% o8 2 S
2 S Popeht o 8 0 350
< 400 325 3383 3 o
2 € . Sog0 . £
2 £ §,8, 883058 %0 =
& 550 &30 s O £ 300
s = " . 2
275 S e o
300 PR ) 250 K
250 e,
250 9% H(95,235) 200 { #(55,200)
120 140 160 180 200 220 100 150 200 250 300 50 100 150 200 250
Total VN Increment Total VN Increment Total VN Increment
(a) (b) ()

Fig. 101 Exhaustive Numerical Analysis Results in Semi-Dense SN Using Star+1 VN

Topology:(a) SUDN. (b) MRPL. (c) MUPL.

250 230 200

COStope

costy, FIP:325 235 200
FDP:325

o FIP: 120-110=10(9%) 95-90=5(5.6%) 55-55=0(0%)
FDP:120-110=10(9%)

e FIP: 325-250=75(30%)  235-230=5(2.2%) 200-200=0(0%)
FDP:325-250=75(30%)

p ofalldata 0.435084 0.791947 0.954046

Table 13 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Semi-Dense SN Using Star+1 VN
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Fig. 102 Exhaustive Numerical Analysis Results in Semi-Dense SN Using Ring VN

Topology:(a) SUDN. (b) MRPL. (c) MUPL.

m SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
305 280 225

COSt oy

cost, ., FIP:375 325 225
FDP:375

Dy FIP: 145-130=15(11.5%)  100-100=0(0%) 65-65=0(0%)
FDP:145-130=15(11.5%)

Ay FIP: 375-305=70(23%)  325-280=45(16.1%) 225-225=0(0%)

FDP:375-305=70(23%)
p of all data 0.22256 0.762282 0.919592

Table 14 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Semi-Dense SN Using Ring VN
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Fig. 103 Exhaustive Numerical Analysis Results in Semi-Dense SN Using Fully

Connected-1 VN Topology:(a) SUDN. (b) MRPL. (c) MUPL.

Fully SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
Connected-1
330 280 245

COSt

costy, FIP:405 280 245
FDP:405

By FIP: 145-135=10(7.4%)  105-105=0(0%) 70-70=0(0%)
FDP:145-135=10(7.4%)

o FIP: 405-330=75(22.7%)  280-280=0(0%) 245-245=0(0%)
FDP:405-330=75(22.7%)

p of all data 0.233813 0.795033 0.814398

Table 15 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Semi-Dense SN Using Fully Connected-1VN
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Fig. 104 Exhaustive Numerical Analysis Results in Semi-Dense SN Using Fully

Connected VN Topology:(a) SUDN. (b) MRPL. (c) MUPL.

Fully SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
Connected
355 295 265

COSt e

costy, FIP:415 300 265
FDP:415

Dy FIP: 145-135=10(7.4%)  105-105=0(0%) 80-80=0(0%)
FDP:145-135=10(7.4%)

Doy FIP: 415-355=60(16.9%) 300-295=5(1.7%) 265-265=0(0%)
FDP:415-355=60(16.9%)

p of all data 0.169231 0.785948 0.78327

Table 16 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Semi-Dense SN Using Fully Connected VN
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5.1.4 Results in Dense Substrate Network
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Fig. 105 Exhaustive Numerical Analysis Results in Dense SN Using Line VN
Topology:

(a) SUDN. (b) MRPL. (c) MUPL.

SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
210 225 210

COSt e

costy, FIP:225 270 215
FDP:225

Dy FIP: 145-115=30(26.1%) 100-100=0(0%) 75-70=5(7.14%)
FDP:145-115=30(26.1%)

Doy FIP: 225-210=15(7.1%)  270-225=45(20%) 215-210=5(2.38%)
FDP:225-210=15(7.1%)

p of all data 0.446264 0.610093 1

Table 17 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Dense SN Using Line VN
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Fig. 106 Exhaustive Numerical Analysis Results in Dense SN Using Star VN
Topology:

(a) SUDN. (b) MRPL. (c) MUPL.

cost,

m SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
195 210 180

opt

costy, FIP:240 210 180
FDP:255

Dyy FIP: 115-100=15(15%)  70-70=0(0%) 55-55=0(0%)
FDP:115-100=15(15%)

Dy FIP: 210-195=15(7.7%)  210-210=0(0%) 180-180=0(0%)
FDP:225-195=30(15.4%)

p ofalldata 0.720194 0.888234 1

Table 18 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Dense SN Using Star VN
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Fig. 107 Exhaustive Numerical Analysis Results in Dense SN Using Star+1 VN

Topology:

(a) SUDN. (b) MRPL. (c) MUPL.

SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)

COSt
coste, FIP:230
FDP:240
Ayy FIP: 120-110=10(9%)
FDP:120-110=10(9%)
Agy FIP: 230-215=15(7%)

230

95-90=5(5.6%)

230-230=0(0%)

FDP:240-215=25(11.6%)

p of all data 0.505932

0.666945

200

55-55=0(0%)

200-200=0(0%)

Table 19 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Dense SN Using Star+1 VN
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Fig. 108 Exhaustive Numerical Analysis Results in Dense SN Using Ring VN

Topology:

(a) SUDN. (b) MRPL. (c) MUPL.

COSt o
costy., FIP:275
FDP:275
Ay FIP: 145-130=15(11.5%)
FDP:145-130=15(11.5%)
Agy FIP: 275-240=35(14.6%)

FDP:275-240=35(14.6%)
p of all data 0.382878

330

100-100=0(0%)

330-275=55(20%)

0.518433

m SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
240 275 225

225

65-65=0(0%)

225-225=0(0%)

Table 20 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Dense SN Using Ring VN
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Fig. 109 Exhaustive Numerical Analysis Results in Dense SN Using Fully Connected-

1 VN Topology:(a) SUDN. (b) MRPL. (c) MUPL.

Fully S
Connected-1

FIP: 145-135=10(7.4%)

UDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
255 280 245

340 245

105-105=0(0%) 70-70=0(0%)

FDP:145-135=10(7.4%)

cost

costy., FIP:280
FDP:280

AVN

ASN

FIP: 280-255=25(9.8%)

340-280=60(21.4%) 245-245=0(0%)

FDP:280-255=25(9.8%)

p of all data 0.371448

0.617297 il

Table 21 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Dense SN Using Fully Connected-1 VN

148
doi:10.6342/NTU202501591



Scatter Plot Scatter Plot Scatter Plot
.o

500 s e 0w eeeme ww @ o
475
450 o°
” ¢ o o
g % 425 p=d o Bl 0
g 400 2400 e
[ 105,37, &
.
350 350 =
325 300
300
300 eeom #° (80,265)
140 160 180 200 220 240 100 150 200 250 300 350 400 450 100 150 200 250 300
Total VN Increment Total VN Increment Total VN Increment

Fig. 110 Exhaustive Numerical Analysis Results in Dense SN Using Fully Connected

VN Topology:(a) SUDN. (b) MRPL. (c) MUPL.

Fully SUDN (FDP in [16]) MRPL [17] MUPL (Our strategy)
Connected
285 300 265

COStop

costy, FIP:300 370 265
FDP:300

Dy FIP: 145-135=10(7.4%)  105-105=0(0%) 80-80=0(0%)
FDP:145-135=10(7.4%)

AR FIP: 300-285=15(5.26%)  370-300=70(23.3%) 265-265=0(0%)
FDP:300-285=15(5.26%)

p of all data 0.422599 0.65616 1

Table 22 Heuristic Performance Analysis: Increment, Mapping Cost, and Correlation

in Dense SN Using Fully Connected VN
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5.1.5 Summary and Key Observations

5.1.5.1 The Efficiency of the Proposed Algorithm in Finding the
Globally Optimal Minimum-Increment Augmented VN

The heuristic in SUDN [16] struggles in simple VN topologies, leading to a
significant gap between the found and optimal increments (e.g., 26.1% error in Line
VN), but its accuracy improves in more complex VN topologies (e.g., 7.4% error in
Fully Connected VN). Additionally, the heuristic in [16] fails to effectively identify
the minimum increment augmented VN, as it consistently selects solutions with the
same increment as FIP, indicating its inefficiency. This limitation arises because FDP
evaluates backup resources separately for each failure case, rather than optimizing the
backup resource configuration holistically, leading to suboptimal augmentation

choices.

In contrast, the heuristic in MRPL [17] consistently finds the minimum increment
augmented VN across all VN topologies due to its smaller solution space, making it

highly efficient.

Our proposed algorithm achieves the same level of accuracy as [17] but operates
under MUPL, which has a much larger solution space. Despite this increased
complexity, our algorithm can still reliably find the globally optimal minimum-
increment augmented VN in small-scale VNs, demonstrating its effectiveness even

under significantly expanded augmentation constraints.
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5.1.5.2 Mapping (embedding) cost and Linearity of the Mapping
Algorithm

The mapping algorithm in SUDN [16] exhibits poor linearity, especially in sparse SN,
where the correlation coefficient is notably low except in Star and Star+1 VN
topologies. This lack of linearity affects mapping cost, as seen in the Fully Connected-
1 and Fully Connected VN topologies, where even though the augmentation VN
increment deviates from the optimal by only 10 (7.4%), the mapping cost deviates
significantly by 75 (22.7%) and 95 (27.9%). However, in dense SN, the correlation
coefficient improves, and the mapping cost gap is reduced to 25 (9.8%) and 15

(5.26%), indicating that [16] performs better in dense SN.

The mapping algorithm in MRPL [17] exhibits a more linearity across all VN
topologies, as observed in both correlation coefficients and scatter plots. However,
despite its more linearity and accurate augmentation selection, its performance
remains suboptimal in complex VN topologies. For Ring, Fully Connected-1, and
Fully Connected VN, the mapping cost deviation from the optimal remains between
13.8% and 28.8%, suggesting that [17] is not well-suited for complex VN topologies.
Additionally, in dense SN, even the simplest topology (Line VN) results in a 20%
mapping cost deviation, indicating that [17] is also not well-suited for complex SN

topologies.

Our mapping algorithm exhibits stronger linearity than both [16] and [17], as
demonstrated by higher correlation coefficients in most cases. Even in cases where
the correlation coefficient is relatively lower, the scatter plots show that our mapping
algorithm still achieves the minimum mapping cost, ensuring that the mapping
performance remains optimal despite minor deviations in linearity. These results
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ensure that across all VN topologies and all SN densities, the mapping cost deviation
from the theoretical minimum remains within 5 (2.38%), indicating that our mapping

algorithm performs optimally regardless of VN and SN topology complexity.

Notably, in dense SN, our mapping algorithm achieves perfect linearity (correlation
coefficient = 1), meaning that as the SN becomes denser, our algorithm better
maintains the linear relationship between the augmented VN increment and mapping
cost. This implies that our method can perfectly predict the impact of augmentation on

mapping cost in dense SNs.

5.1.5.3 Relationship Between Solution Space Size and Minimum
Mapping (Embedding) Cost

The results also reveal a correlation between augmentation solution space size and the
ability to achieve lower minimum mapping costs. SUDN [16] has a significantly
larger solution space than MRPL [17], yet MRPL achieves lower minimum mapping
costs than SUDN in sparse and semi-dense SNs. However, in Fully Connected SN,
SUDN achieves lower minimum mapping costs than MRPL, suggesting that a larger
solution space is more beneficial when the SN topology is more complex. Conversely,
when the SN topology is simpler, MRPL’s augmentation strategy itself is inherently
more suited for sparse SNs, allowing it to achieve lower minimum mapping costs than

SUDN.

Since MUPL (Our strategy) is an extension of MRPL with relaxed node migration
constraints, it retains MRPL’s efficiency in smaller SNs while significantly expanding
the augmentation solution space. This ensures that MUPL not only inherits MRPL’s
efficiency in sparse SN but also surpasses MRPL in sparse SN by leveraging a more
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flexible augmentation space. Additionally, in dense SN, the larger solution space of
MUPL enables it to outperform SUDN, achieving a more optimal augmentation
configuration. As a result, our augmentation strategy consistently achieves the lowest
minimum mapping costs across all SN topologies, regardless of whether the SN is

sparse, semi-dense, or dense.

5.2 Performance Evaluation under Real-World Network

Scenarios

This section presents the simulation-based evaluation of the proposed Nest-Base
algorithm under realistic network scenarios. We compare the performance of Nest-
Base with three existing augmentation and mapping methods: FIP and FDP from [16]
and ProRed from [17]. To comprehensively evaluate the effectiveness of Nest-Base,
we measure its performance based on two key metrics: mapping (embedding) cost and
acceptance rate. The evaluation is conducted across different SN conditions,
considering both small-scale SN and large-scale SN, both of which are designed to
align with real-world network environments. Additionally, we consider different
workload levels to assess the adaptability of each mapping algorithm. Under moderate
load, the SN handles a reasonable number of VN requests, allowing for stable
resource allocation and making it suitable for evaluating mapping (embedding) cost.
Under high load, the SN experiences a higher number of VN requests, leading to
resource limitation and making it an appropriate condition for evaluating acceptance
rate, which measures how well different methods handle VN embedding when

resources are constrained.
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The structure of this section is as follows. Section 5.2.1 describes the experimental
setup, including the SN and VN configurations and the evaluation metrics. Sections
5.2.2 and 5.2.3 present the results for small-scale and large-scale SN, respectively. In
both sections, simulations are conducted under moderate and high load conditions to

evaluate mapping (embedding) cost and acceptance rate, respectively.

5.2.1 Experimental Setup

This section provides the details of the experimental setup used in real-world network
scenarios. Section 5.2.1.1 describes the VN configurations, including different VN
topologies and workload conditions to ensure a realistic evaluation. Section 5.2.1.2
outlines the SN configurations, covering different network sizes and levels of resource
availability to simulate practical deployment environments. Section 5.2.1.3 defines
the performance metrics, detailing the criteria used to assess mapping (embedding)

cost and acceptance rates under various workload conditions.

5.2.1.1 Virtual Network Settings
The VN settings are defined to reflect different network conditions under moderate
and high workload scenarios. Table 23 presents the VN settings under moderate load,

while Table 24 details the VN settings under high load.
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Parameter Value

Line topology
type Ring topology

Random topology
Number of virtual nodes U[2~10]
Computing and bandwidth U[1~30]
demand
Arrival rate of VNR Poisson, 1| VNR/ per 10 unit time

gl ‘ Exponential distribution,

Lateifns of Yk 100 unit time/per VNR
Link connection probability
(Random topology) 0.5

Table 23 VNs Settings under Real-World Network Scenarios (Moderate Workload)

Parameter Value
Line topology
type Ring topology
Random topology

Number of virtual nodes U[2~10]

Computing demand U[1~15]

Bandwidth demand U[1~30]

Arrival rate of VNR Poisson, 1 VNR/ per 10 unit time
A Exponential distribution,

Lifetme of VR 1000 unit time/per VNR

Link connection probability

(Random topology) 0.5

Table 24 VNs Settings under Real-World Network Scenarios

(High Workload)

The VN topology can be line, ring, or random, ensuring diverse network structures.
The line topology represents sequential processing applications, such as a face ID
login application can be broken down into multiple stages—such as image capturing,

155
doi:10.6342/NTU202501591



compression, face detection, identity verification, and login—where each step
depends on the output of the previous one. The ring topology is suitable for cyclic
processing systems, such as IoT sensor data processing that continuously collects and
transmits information in a loop. The random topology reflects the diversity of real-

world network configurations.

The number of virtual nodes is randomly selected within a defined range, and the
computing and bandwidth demands follow a uniform distribution. The VN request
(VNR) arrival follows a Poisson process, with an average rate of one request per 10
unit time, while the VN lifetime follows an exponential distribution. In random
topology scenarios, the probability of link formation between nodes is set at 0.5 to
maintain network variability. The VN lifetime is set to 100 unit time per VNR under
moderate load and 1000 unit time per VNR under high load, making the high-load

scenario result in a significantly larger number of active VNs in the SN.

5.2.1.2 Substrate Network Settings

The SN settings are designed to reflect the infrastructures provided by real-world
infrastructure providers (InPs), differentiating between small-scale and large-scale
SN. Small-scale SN represent networks managed by small InPs, whereas large-scale
SN correspond to networks managed by major InPs with more extensive resources.
Table 25 presents the SN settings under moderate load, while Table 26 provides the

SN settings under high load.
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Parameter Value

Number of substrate nodes Small.:?.O
Large:50

& omp.utmg and bandwidth U100~300]

capacity

Link connection

probability B2etd

(Moderate Workload)

Parameter Value
Number of substrate nodes Sma“fzo

Large:50
C omp‘utmg and bandwidth U100~300]
capacity
Link connection Small:0.2
probability Large:0.1

Table 25 SNs Settings under Real-World Network Scenarios

Table 26 SNs Settings under Real-World Network Scenarios

(High Workload)

In Table 25, the link connection probability varies between 0.3 and 0.7, representing
different levels of substrate links availability, from resource-constrained to resource-
abundant environments. In contrast, Table 26 fixes the link connection probability at
0.2 for small SN and 0.1 for large SN, reflecting a high-load scenario where both the
workload is high and substrate links availability is extremely scarce. This
configuration ensures that the evaluation considers cases where SN experience both

high demand and severe resource constraints.
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5.2.1.3 Performance Metrics

To evaluate the performance of the proposed method, two key metrics are used:
mapping cost and acceptance rate. Under moderate load, SN resources are generally
sufficient since VN requests do not heavily compete for resources. In this scenario,
acceptance rates are typically 100%, making mapping cost the most suitable metric

for evaluation.

Under extreme conditions where both high load and substrate links availability are
extremely scarce, however, SN resources are heavily utilized since the SN resources
are simultaneously utilized by many VN and overall resource scarcity. In such
extreme conditions, the primary concern is no longer minimizing mapping cost but
rather ensuring that more VNRs are successfully accepted, leading to VN successfully
being embedded. As a result, acceptance rate is the key metric to assess how well
algorithm can accommodate incoming VN requests in a highly constrained

environment.

5.2.2 Results in Small Substrate Network

This section presents the simulation-based evaluation of the proposed augmentation
and mapping algorithms, including the Nest-Base algorithm for augmented VN
selection and the designed mapping algorithm under realistic network conditions. We
compare the performance of Nest-Base with three existing augmentation and mapping

methods: FIP and FDP from [16] and ProRed from [17].

The evaluation results in the small-scale SN environment are divided into two
subsections. Section 5.2.2.1 evaluates the mapping cost under moderate load
conditions to assess resource efficiency, while Section 5.2.2.2 analyzes the acceptance
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rate under extreme conditions to measure the robustness of each method in handling

VN requests when SN resources are severely constrained.

5.2.2.1 Mapping Cost Evaluation

Cost Comparison

Cost Comparison

- AP 375
375 e~ FOP
—%-— ProRed
350 -+ NestBase 30
s RS
% 300 % 300
v
275 275
250 250
225 225
0 800 1600 2400 3200 4000 4800 5600 0 800 1600 2400 3200 4000 4800 5600
Time Slot Time Slot
(a) (b)
Cost Comparison Cost Comparison
360
- FIP 360
-~ FOP
340
—v— ProRed 340
—+— NestBase
20
20
300 300
% %
8 280 3 280
260 260
240 240
220 220
0 800 1600 2400 3200 4000 4800 5600 0 800 1600 2400 3200 4000 4800 5600
Time Slot Time Slot
(c) (d)
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Cost Comparison

360
- FIP
- FOP
340 ~9- ProRed
—a— NestBase
20
300
¥
S 280

260

240

220

0 800 1600 2400 3200 4000 4800 5600
Time Slot

(e)
Fig.111 Average mapping (embedding) cost over time in Small SN with Line VNs

(a)-(e): SN Link Probability 0.3-0.7

e Jos oo Jos oo oy
323 297 293 282

FIP [16] 328

FDP [16] 340 332 306 301 289
ProRed [17] 306 303 306 303 310
NestBase 247 245 244 244 244

Table 27 Average mapping (embedding) cost in Small SN with Line VNs: SN Link

Probability 0.3-0.7

160
doi:10.6342/NTU202501591



Cost Comparison Cost Comparison
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Q
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Cost Comparison
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(e)
Fig.112 Average mapping (embedding) cost over time in Small SN with Ring VNs
(a)-(e): SN Link Probability 0.3-0.7
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Ring____Jo3 o4 Jos o6 ____lo7
356 335 340 314

FIP [16] 377

FDP [16] 390 366 347 351 325
ProRed [17] 350 351 348 341 351
NestBase 267 265 262 262 262

Table 28 Average mapping (embedding) cost in Small SN with Ring VNs: SN Link

Probability 0.3-0.7

Cost Comparison Cost Comparison
500
450
450
400
400
350
o« 350 o
8 8
300
300
250 250
- FIP - FIP
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Cost Comparison

—— FIP
200 -~ FDP
~%-— ProRed

—+— NestBase

o 800 1600 2400 3200 4000 4800 5600 6400
Time Slot

(e)
Fig.113 Average mapping (embedding) cost over time in Small SN with Random VNs

(a)-(e): SN Link Probability 0.3-0.7

Random 03— Joa——Jos oo o1 |
455 423 422 413

FIP [16] 482

FDP [16] 491 458 429 429 419
ProRed [17] 482 465 462 457 453
NestBase 391 374 365 365 365

Table 29 Average mapping (embedding) cost in Small SN with Random VNs: SN

Link Probability 0.3-0.7

For [16], it is observed that the FDP method consistently results in higher mapping
costs compared to FIP. We attribute this to the fact that the heuristic used in [16] for
finding the augmented VN is unable to identify an augmentation with a smaller
increment than FIP. As discussed in Section 2.3.1, this limitation arises because FDP
evaluates backup resources separately for each failure scenario, rather than optimizing
the backup resource allocation as a whole, leading to suboptimal augmentation
decisions. Additionally, while the mapping algorithm in [16] does not exhibit strong
linearity, it still maintains a positive correlation between augmentation increment and
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mapping cost, as confirmed in Section 5.1. Consequently, since FDP systematically
selects augmented VNs with larger increments than FIP, this trend also translates into

higher mapping costs for FDP compared to FIP in the long run.

For ProRed in [17], it is observed that its performance improvement over FIP is the
most significant when the SN link probability is 0.3, while its performance is the
worst compared to FIP when the SN link probability is 0.7. This simulation result
further confirms that the method in ProRed performs significantly better in sparse SNs
than in dense SN, reinforcing the observation that ProRed is only suitable for sparse
SN environments. As the SN becomes denser, its effectiveness deteriorates, leading to
higher mapping costs compared to FIP. This finding is consistent with the conclusions
drawn in Section 5.1. Additionally, the simulation results further confirm that ProRed
performs better relative to FIP in simple VN topologies (e.g., Line VN) than in
complex VN topologies (e.g., Random VN). This indicates that ProRed is only
suitable for handling simple VN topologies, while its performance degrades when VN

topologies become more complex, aligning with the conclusions of Section 5.1.

Our Nest-Base method consistently outperforms both [16] and [17] across all SN link
probabilities and VN topologies, demonstrating its superior adaptability and

efficiency in various network conditions.

In Line VN, our method achieves 25%—13% lower mapping costs compared to FIP
when the SN link probability ranges from 0.3 to 0.7. Additionally, across all SN link
probabilities, Nest-Base consistently performs 20% better than ProRed. In Ring VN,
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the Nest-Base algorithm achieves 31%—15% lower mapping costs than FIP for SN

link probabilities between 0.3 and 0.7. Furthermore, it consistently outperforms

ProRed by 24% across all SN link probabilities. In Random VN, our method achieves

19%—-12% lower mapping costs than FIP across SN link probabilities from 0.3 to 0.7,

while maintaining a 20% advantage over ProRed across all SN link probabilities.

These results confirm that our Nest-Base algorithm is not only effective in sparse SNs

and simple VN topologies but also maintains superior performance in dense SNs and

complex VN topologies, unlike [17], which struggle under such conditions.

5.2.2.2 Acceptance Rate Evaluation

1.00 A
0.95 4
0.90 4
0.85 1
0.80 1

Acceptance ratio

0.55 A1
0.50 1
0.45 1
0.40
0.35 A

Acceptance ratio Comparison

0.75 A
0.70 1
0.65 -
0.60

—— FIP
—— FDP

—— ProRed

—— NestBase

0

800 1600 2400 3200 4000
Time Slot

4800 5600

Fig.114 Comparison of VN acceptance ratio in Small SN with Line VNs
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Acceptance ratio Comparison
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Fig.115 Comparison of VN acceptance ratio in Small SN with Ring VNs
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Fig.116 Comparison of VN acceptance ratio in Small SN with Random VNs

In comparison to moderate workload conditions, the extreme case of high workload
not only imposes a tenfold increase in workload but also results in a significantly

more resource-constrained SN, making the SN effectively sparser.
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Under these high-load conditions, [16] exhibits an acceptance rate of only 0.3-0.4,
indicating that its augmentation and mapping strategy struggles to accommodate
VNRs when SN resources are severely limited. Furthermore, based on the
observations from Section 5.2.2.1, it is evident that while FDP generally performs
worse than FIP, the difference is not substantial. As a result, both the FIP and FDP
methods exhibit similar acceptance rates, consistently within the range of 0.3-0.4

under high-load conditions.

Based on the results from Section 5.1 and Section 5.2.2.1, ProRed demonstrates a
stronger capability to operate in sparse SN environments compared to the FIP and
FDP methods in [16]. Given that high-load conditions further exacerbate SN resource
scarcity, ProRed achieves a higher acceptance rate than [16] under these conditions,
confirming its advantage in sparse SNs. However, it is also observed that ProRed's
acceptance rate varies depending on the VN topology, with a 0.6 acceptance rate for
Line VN and a lower 0.4 acceptance rate for Random VN. This aligns with previous
findings that ProRed struggles to handle complex VN topologies, leading to lower

acceptance rates for more complex VN structures compared to simpler ones.

Our Nest-Base algorithm achieves a higher acceptance rate than both [16] and [17]
under high-load conditions, demonstrating its superior ability to handle VNRs even
when SN resources are severely constrained. Specifically, the acceptance rates for
Line VN, Ring VN, and Random VN are 0.7, 0.6, and 0.6, respectively, indicating that
our method maintains a relatively stable acceptance rate across different VN
topologies.
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Furthermore, the acceptance rate for Random VN is only 0.1 lower than that of Line
VN, suggesting that Nest-Base remains stable and effective in handling complex VN
topologies under high-load conditions. Additionally, even in small SNs with an SN
link probability as low as 0.2, our method maintains an acceptance rate above 0.6,

highlighting its robustness in extremely constrained network environments.

5.2.3 Results in Large Substrate Network

We compare the performance of Nest-Base with three existing augmentation and
mapping methods: FIP and FDP from [16] and ProRed from [17]. The evaluation in
the large-scale SN environment follows the same methodology as Section 5.2.2, with
Section 5.2.3.1 assessing mapping cost under moderate load conditions and Section

5.2.3.2 analyzing acceptance rate under extreme conditions.

5.2.3.1 Mapping Cost Evaluation
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Cost Comparison
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Fig.117 Average mapping (embedding) cost over time in Large SN with Line VNs

(a)-(e): SN Link Probability 0.3-0.7

e — o3 Joa — Jos  Jos oz
304 305 293 285

FIP [16] 329

FDP [16] 340 313
ProRed [17] 303 306
NestBase 244 244

314 305 293
304 308 309
244 244 244

Table 30 Average mapping (embedding) cost in Large SN with Line VNs: SN Link

Probability 0.3-0.7
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Fig.118 Average mapping (embedding) cost over time in Large SN with Ring VNs

(a)-(e): SN Link Probability 0.3-0.7
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Ring o3 ____Joa ____Jos ____Jos ____Jo7
349 337 330 322

FIP [16] 7/l

FDP [16] 381 361
ProRed [17] 348 349
NestBase 263 263

349
353
263

342 332
352 354
263 263

Table 31 Average mapping (embedding) cost in Large SN with Ring VNs: SN Link

Probability 0.3-0.7
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Cost Comparison
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Fig.119 Average mapping (embedding) cost over time in Large SN with Random VNs

(a)-(e): SN Link Probability 0.3-0.7

Random 03— Joa — Jos oo Jor
449 430 414 402

FIP [16] 452

FDP [16] 461 461 435 422
ProRed [17] 465 462 460 456
NestBase 365 363 362 362

410
463
362

Table 32 Average mapping (embedding) cost in Large SN with Random VNs: SN

Link Probability 0.3-0.7

One key observation is that when the VN topology is simple (e.g., Line VN, Ring

VN), the mapping costs in large SNs do not differ significantly from those in small

SNs. This suggests that for these VN topologies, the relative performance among the

three methods is not influenced by the scale of the SN (i.e., the number of nodes) but

is instead more closely related to the sparsity of the SN (i.e., the link probability).

Since the mapping costs remain consistent across different SN sizes, it indicates that

SN sparsity plays a more significant role in determining the effectiveness of each

method than SN size itself when dealing with simple VN topologies.
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A notable difference arises in complex VN topologies (Random VN), where the
mapping costs in large SNs differ more significantly from those in small SNs. This
indicates that in small SN, there is evident competition among different VNs for SN

resources, particularly when dealing with complex VN topologies.

Furthermore, when the SN link probability in small SNs exceeds 0.5, the mapping
cost stabilizes and matches exactly with the mapping cost observed across all link
probabilities in large SNs. This indicates that even in complex VN topologies, once
the SN link probability surpasses 0.5 in a small SN, or when using a larger SN with a
lower link probability, our Nest-Base algorithm can fully utilize SN resources without
forcing different VNs to compete for SN resources, thereby avoiding suboptimal

mapping decisions.

5.2.3.2 Acceptance Rate Evaluation
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Fig.120 Comparison of VN acceptance ratio in Large SN with Line VNs
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Fig.121 Comparison of VN acceptance ratio in Large SN with Ring VNs
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Fig.122 Comparison of VN acceptance ratio in Large SN with Random VNs

Under high-load conditions, [16] shows improved acceptance rates in large SNs
compared to small SNs, reaching 0.7 in Line VN. However, in Ring VN and Random
VN, the acceptance rate remains around 0.55, indicating that even with more SN
resources, nearly half of the VNRs are still rejected. This suggests that [16] is

unsuitable for high-load scenarios.

174
doi:10.6342/NTU202501591



ProRed achieves a high acceptance rate of 0.97 in Line VN, demonstrating its
effectiveness in simple VN topologies. However, its performance drops by 12% in
Ring VN and by 27% in Random VN, indicating a significant decline as VN
complexity increases. This suggests that while ProRed performs well in simple VN
topologies, it struggles to maintain high acceptance rates for more complex VNs
under high-load conditions, making it unsuitable for handling diverse VN topologies

in such scenarios.

Our Nest-Base algorithm achieves a perfect 100% acceptance rate in both Line VN
and Ring VN, demonstrating its ability to fully utilize SN resources under high-load
conditions. Even in Random VN, where acceptance rate decreases, it still maintains a

strong 85% acceptance rate.

These results indicate that our method effectively manages SN resources, preventing
VNR rejections even under extreme load conditions. Furthermore, even in complex
VN topologies, Nest-Base consistently achieves an 85% acceptance rate over time,

proving its robustness in handling diverse VNR demands in high-load scenarios.
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CHAPTER 6
CONCLUSIONS

This study addresses the Survivable Virtual Network Embedding (SVNE) problem
under single facility node failures by introducing a decoupled approach that first
augments the Virtual Network (VN) to ensure survivability before mapping

(embedding) it onto the Substrate Network (SN).

Through our research, we discovered the relationship between the increment of
backup resources in the augmented VN and the resulting mapping (embedding) cost.
To fully exploit this relationship, we designed a mapping (embedding) algorithm that
establishes a positive linear correlation between backup resource increments and
mapping cost. This linearity ensures that optimizing the resource increment during the
augmentation phase leads to a predictable and efficient reduction in mapping costs
during the mapping (embedding) phase. By achieving this property, the augmentation
process can be optimized in advance, reducing computational complexity while

ensuring that the final mapping cost can be minimal.

Beyond the relationship between backup resource increments and mapping cost, we
also identified the size of the augmentation strategy’s solution space significantly
affects how low the minimum mapping cost can be. Our analysis of various
augmentation strategies led to the introduction of MUPL, an augmentation strategy
that provides the largest solution space compared to existing methods. By ensuring
that this solution space is sufficiently large, we confirmed that, in small-scale VNs,
MUPL has the highest probability of containing the globally minimum mapping cost
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solution, which significantly improves the quality of the final embedding outcome.

To efficiently identify the optimal augmented VN within MUPL, we developed the
Nest-Base algorithm, which rapidly selects the augmented VN with the minimal
resource increment while maintaining computational feasibility. Combined with our
proposed mapping algorithm, this algorithm ensures that the minimum mapping cost

can be achieved during the embedding phase.

To validate our proposed methods, we conducted two types of evaluations. First,
through exhaustive numerical analysis on small-scale VNs, we verified the linearity of
our mapping algorithm and demonstrated that our Nest-Base algorithm consistently
finds the globally optimal augmented VN within the MUPL solution space—one that
leads to the minimum mapping cost, outperforming existing methods. Second, in
realistic simulation scenarios across various SN and VN topologies, we observed that
our approach reduced mapping costs by between 10% and 31.5% under moderate-
load conditions compared to existing methods. Moreover, under high-load conditions,
our method improved VNR acceptance rates by 10% to 45%, confirming its

robustness in resource-constrained environments.

While this study successfully addresses the SVNE problem under single facility node
failures, applying the decoupled approach to multiple simultaneous node failures
remains a challenge. As the number of failure scenarios grows exponentially, the
increased flexibility required in backup resource allocation further complicates the
problem. However, since this decoupled approach effectively reduces complexity and
efficiently finds mapping solutions, its extension to this problem remains a promising
direction for future research.
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